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PREFACE 


The need for describing precipitation on a multitude of time and space scales is fundamental to advancing the 
state-of-the-art in weather and climate predictability. Precipitation is both a cause and an effect of atmospheric 
behavior since it involves thermodynamic changes of state that influence the energy available to atmosphenc circu- 
lation at virtually all scales of motion. 

Scientific planning for the U.S. National Gimate Program, and for its international counterpart, the World 
Climate Research Program, has recognized precipitation as a critical climate parameter for diagnostic and processes 
studies and as a basic indicator of the state of climate itself. Our ability to observe and characterize precipitation is 
complicated by the irregular manner in which it occurs in time and space, thus supporting the requirements for 
global scale measurements from space. 

The Workshop on Precipitation Measurements from Space, supported by both the NASA Global Weather and 
Climate Research Programs, is an attempt to examine the broad scientific needs for precipitation measurements from 
space and address the techniques already available or proposed for meeting these requirements. Accordingly it is 
expected that the workshop conclusions and recommendations will play a major role in helping to shape the future 
NASA Space Observations Program. 


Robert A. Schiffer, Manager, NASA Climate Program 
John S. Theon, Manager, NASA Global Weather Program 
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WORKSHOP ON PRECIPITATION MEASUREMENTS FROM SPACE 
EXECUTIVE SUMMARY 


INTRODUCTION 

Precipitation is important in a myriad of practical and scientific ways throughout a multiplicity of disciplines. 
These include weather^ climate, hydrology, and oceanography in which precipitation is a key factor for analysis, 
diagnosis, prediction, and verification. Practical applications arise in many other fields including agriculture; forestry; 
water resources; commerce which involves specialized uses for precipitation information in communications, trans- 
portation and industry; and a broad spectrum of other societal needs. More recendy, the crucial role of precipitation 
as a key element in the weather and climate system, both as a forcing function and a response variable, has been re- 
emphasized. Precipitation must therefore be observed globally. Moreover, as one of the two fundamental descriptors 
of climate, global observations of precipitation are, like temperature, essential as a means of correctly initializing 
global circulation models (GCM) for extended range weather prediction. 

These are but a few examples of many needs for global spaceborne measurements of precipitation. Obviously, 
not all applications require global observations nor can all of the requirements (e.g., flood warning) be met with a 
given spaceborne observing system. However, the needs are numerous and so important that they should no longer 
be neglected. 

This Workshop focused on identifying the needs for precipitation mea.iurements from space and then resolving 
the various ways of meeting those needs. An attempt was made to specify observations in terms of accuracy, resolu- 
tion, etc. according to the application. Although a broad concensus usually exists in a particular user community, it 
is not possible to specify the observational requirements alone because they are as diverse as the disciplines and ap- 
plications previously mentioned would indicate. 

Nevertheless, some focus or precipitation requirements emerged, particularly relating to global climate, in 
which space observations can and must play a crucial role. A survey revealed that monthly averages of global pre- 
cipitation with an accuracy of 25 percent over (100 km)2 areas and daily totals of continental precipitation with an 
accuracy of 10 percent over (25 km)^ areas will satisfy in some way about 80 percent of reported requirements in- 
volving both research and applications. A review of the state of the art indicates that these accuracies and resolutions 
could be obtained through space technology supplemented by conventional methods. 

At present, the most critical gap in global precipitation observations is over the oceans. Here it seems obvious 
that measurement from space is the only logical approach, and we should proceed to fill this gap without delay. 


VISIBLE AND IR METHODS 

A variety of visible (VIS) and infrared (IR) methods have been developed for observing cloud properties and 
using them as proxies for ground-level precipitation. These aie by far the most simple and, indeed, the only space 
techniques for which substantial prior records exist. They are also the only ones that can and have be^m used with 
existing satellites. Although none of the VIS/IR methods appear to be applicable to all precipitation types and 
climatic regimes, even relatively simple schemes provide climatologically useful precipitation amounts for convective 
storms up to subtropical latitudes for sufficiently large areas, (100 km)^ and time periods of days to weeks. However, 
there is concern about the variability of any VIS/IR estimation scheme for particular precipitation types (e.g., strati- 
form) and comparative evaluation of a variety of techniques is needed. 

The application of VIS/IR methods for geosynchronous satellites to precipitation estimates in individual storms 
is risky even though some success has been evidenced. We recommend that these methods be used with caution until 
further evaluated and then only to specify broad classes of rain rates or amounts. This approach appears to be useful 
for flash-flood warnings because it indicates amounts above hazardous thresholds. Nevertheless, edibrated radars are 
highly preferred for this purpose wherever they are available. 
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All VIS/IR methods would be improved through complementary measurements using spacebome passive micro- 
wave radiometers over the ocean and suitable radar systems over land or ocean. However, the latter can now be flown 
only on low Earth orbitors (LEO’s) which provide only two observations per day. Thus, in the near future, geosyn- 
chronous VlS/IR cloud proxy measurements will have to be relied upon to measure at least the diurnal variability of 
precipitation. 

Recommendations for VIS/IR methods are as follows: 

1. Continue the use of simple cloud-indexing schemes to produce climatologically useful rainfall estimates over 
land and the oceans. 

2. Continue efforts to verify and automate the present National Earth Satellite Service (NESS) technique of esti- 
mating rainfall in support of flash-flood forecasting with due regard for the cautionary remarks above. 

3. Because island stations have generally been used to calibrate the latter methods, assess the representativeness 
of the island data by calibrated radar (see ground truth). If improved shipbome rain gages or quantitative 
shipbome radar can be developed, also use these. 

4. Evaluate and compare current and proposed VIS/IR and other methods within a carefully designed “experi- 
ment” in which ground rain-gage networks and/or well-calibrated radars are available (see ground truth) 

5. Because hybrid methods involving VIS/IR and complementary systems appear to offer the greatest promise 
for most purposes, make them the focus of a development and test effort. 

6. Make the following impi-ovemcnts in current practices and future systems: (a) increase coverage of LEO’s to 
at least four observations per day ;(b) maintain accurate absolute calibrations on all VIS/IR sensors; (c) in- 
crease visible brightness resolution to 8 bits; and (d) improve GOES IR resolution to 1 km. 

7. Broaden the program for establishing a global cloud climatology (International Satellite Cloud Climatology 
Project (ISCCP)) to include oceanic rainfall. 

8. Continue to support efforts for developing and testing improved techniques in support of agricultural interests 
(e.g.,AgRISTARS*). 


MICROWAVE RADIOMETRY 

Microwave radiometry (MR) offers gr^sater promise than VIS/IR because of the more direct physical relation- 
ship between the radiation and the precipitation. However, it is limited to oceanic regions in which background 
brightness temperatures are nearly constant. MR also suffers from errors caused by unfilled instantaneous fields of 
views (IFOVs), variable effective height of the rainfall, unknown cloud-water content, and variations m hydroineteor 
types, shapes, and phase in intense convective storms. The optimum wavelengths also have restricted dynamic range. 
However, simulations indicate that the most serious error can be overcome by using smaller IFOVs. MR appears to 
be especially useful as a supplement to VIS/IR methods for measuring stratiform oceanic precipitation. 

In the millimeter wavelength (^3-mm) band, MR appean to be sensitive mainly to the depth and intensity of 
snow aloft and is useful as an adjunct to other methods in mapping the areas (but not the intensity) of precipitation 
over either ocean or land backgrounds. Because such wavelengths do not require inordinately large antennas, they 
currently provide the only re«'»l hope of mapping oceanic precipitation from geostationary satellites. (See the section 
on “soil moisture.”) 


•Agriculture and resource inventory surveys through aerospace remote sensing 
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Recommendations for MR are as follows: 


1. It is likely that future oceanic and polar missions will require improved high-resolution microwave radiometers 
such as the large-aperture multichannel microwave radiometer (LAMMR) for measuring sea-surface tempera- 
ture, surface winds, and sea ice. Because such measurements require corrections for precipitation, a future 
LAMMR should also be optimized for measuring oceanic precipitation. 

2. Over the oceans, a hybrid radar/microwave radiometer in the 1- to 2-cm band appears to be a viable option that 
should be explored in simulations and aircraft flights. 


SPACEBORNE RADAR 

A variety of schemes for measuring precipitation from space were first proposed in a 1974 workshop on active 
microwaves (NASA, 1975). Some of these schemes still deserve consideration. Because prior thinking has often led 
to excessively sophisticated and costly systems, the present workshop has focused mainly on relatively simple concepts. 

The most elementary system approach is to modify the Seasat-type (2 .2-cm) radar altimeter by adding a pre- 
cipitation mode. A slightly more complex approach is a dual-wavelength radar radiometer in the 1- to 3-cm band 
such as that developed in Japan for aircraft trals. This method combines the capacity of the radar to measure reflec- 
tivity near the top of the rainfall where attenuation is negligible and deeper into the rain by using the radiometers to 
correct for attenuation (over the oceans only). 

The surface target attenuation radar (STAR) exploits the excellent relation between the attenuation coefficient 
and rainrate in the 1- to 2-cm band. The method uses surface echo cross sections measured in rain-free regions adja- 
cent to storms or, in the case of land, values recorded previously in the absence of rain. Attenuation and rainfall are 
then deduced from the differences between actual and expected surface signal strengths. Two wavelengths are re- 
quired for providing sufficient dynamic range in rain rate. 

Another variant is the frequency agile rain radar (FARR), which uses the sensitive frequency -dependence of 
rainfall reflectivity relative to the very weak frequency dependence on the surface targets to distinguish rain from 
ground. 

Finally, an adaptive pointing radar, which scans selectively and automatically only within the regions of clouds 
and probable rain that have been identified on images of a forward-viewing IR radiometer, solves the long-standing 
conflicts between the needs for high resolution, wide-swath width, and adequate signal -sampling time. Such an 
adaptive pointer may be applied to any of the radar schemes. At the expense of a sophisticated onboard computer, 
it overcomes the need for such brute force schemes as pushbroom antennas. 

Recommendations for spacebornc radar are as follows: 

1 . A Seasat-type radar altimeter in the 2-cm band will be one of the key instruments on the next ocean topography 
and circulation mission. A simple modification would permit its use for precipitation measurements at nadir. 
Although the sampling would be poor, such data would serve as calibrations for either passive VIS/IR or MR 
schemes. We strongly recommend that a precipitation mode be included in any future radar altimeter. 

2. A dual-wavelength STAR system should be subjected to a thorough feasibility study, developed, and aircraft 
flight tested. The method can also be used as a precipitation estimator near the melting level either with or 
without surface echoes as a reference. 

3. The frequency agile rain radar (FARR) should be subjected to a thorough feasibility study, developed, and air- 
craft fli^t tested. 

4. See recommendation 2 under “Microwave Radiometry.’ 

5. An adaptive pointing radar system that selectively samples probable precipitation areas as inuicated by a 
forward-viewing passive IR imager deserves serious consideration. Adapting such a method to the STAR or 
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FARR appears to offe* the greatest hope for a global spaceborne precipitation measurement system. We 
strongly recommend simulations and aircraft flight trials. 

6. Over the continental United States the bistatic radar method of Nathanson (this report) with a single trans- 
mitter in geosynchronous orbit and a multiplicity of ground-based scanning receivers warrants a thorough 
feasibility study and preliminaiy test. 


SOIL MOISTURE 

For many agncultural and climatologicai purposes, soil moisture is the ultimate goal of precipitation measure- 
ments. Passive microwave radiometry in the 20- to 50<m bands and active systems in the 5- to 8-cm band hold 
promise for useful estimates of soil moisture in the future. In the near term, various features of the time sequence 
of IR surface temperatures from geosynchronous satellites appear to be well-related to soil moisture. Variants of 
this method may also be used with IR observations from intercalibrated LEOs. Soil moisture is well correlated with 
the antecedent precipitation index (API). Also, with soil moisture, precipitation may be estimated through the 
moisture balance equation. 

Recommendations for inferring soil moisture: 

1. Precipitation and soil moisture should be considered in tandem. 

2. On-going efforts for estimating soil moisture from geosynchronous IR observations and variants of this 
method should be intensified. 

3. If microwave radiometric and radar methods result in useful estimation of soil moisture, they should also be 
evaluated for estimating antecedent precipitation. 


GROUND TRUTH 

The lack of accurate area-wide ground-truth precipitation calibration facilities (PCFs) has impeded the full 
development and operation of a spaceborne precipitation measurement capability. The CARP* Atlantic Tropical 
Experiment (GATE) radar rainfall data appear to be the first useful data set available on oceanic precipitation. At 
present, rainfall data from ships and island starions are highly vanable and are believed to contain large biases. 

The development of retrieval algorithms by any space method, as well as the evaluation and co .iparison of 
competitive techniques, requires faithful and accurate depiction of the four-dimensional distribution of precipita- 
tion by ground-truth systems. The accuracy and precision of long-term measurements that involve either multiple 
instruments or a sequence of satellites and probable changes in methodology require a precise and accurate ground- 
based PCF that will continue in operation over the long term. 

Recent developments in measuring rainfall by differential polarization radar/reflectivity methods (ZDR) and 
other dual-parameter techniques have demonstrated potential for greatly unproved accuracy over standard radar 
techniques. This capability is especially important because coastal and island radars are required for ground truth 
over the sea. The NASA I0<m SPANDAR- radar at Wallops Island, Virginia, is ideally located and is well-suited 
for these purposes. Any such ground-truth facility must also use rain-gage networks, disdro neters, and remote 
sensors such as microwave and optical attenuation links to ensure the best possible accuracy. A transportable trans- 
fer standard radar is also required for calibrations in a variety of climactic regimes. 

Finally, considerable improvement and modernization is possible and is required in rain-gage technology 
(especially for shipboard use) and in data collection and management. 


^Global Atmospheric Research Program 
^ Space Range Radar 
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Recommendations for ground truth measurements are as follows: 

1 . We strongjy recommend the establishment of a PCF consisting of a sensitive high-resolution 10 cm radar with 
differential polarization, substantial surface rain-gage networks, and microwave and optical linKS. The primary 
PCF should be at a convenient coastal station that experiences a variety of precipitation typr-s. The V 
Wallops Island SPANDAR radar is a prime candidate for such a PCF. The NOAA National Severe S , . 
Laboratory (NSSL) radar facility is similarly useful for such a PCF in the midwest. 

2. A similar but more modest PCF is needed for the long term in the tropical Pacific, perhaps at Johi i .. 
v/hcre land effects should be minimal. A transportable transfer standard radar is also proposed for s. rit ' 
duration ground-truth experiments in various climatic regimes. The ground-based NEXRAD radars now : 
development should be similarly equipped and ultimately become secondary precipitation standards within 
the United States. 

3. At the earliest opportunity, we should conduct an extended ocean expedition to obtain accurate radar rainfall 
data similar to but better than those gathered during GATE. Various land-based meteorological experiments 
involving well-calibrated radars and rain-gage networks that have been proposed for the future should be ex- 
ploited as targets of opportunity for ground-truth evaluation of candidate spaceborne methods. 

4. Promising new techniques for ground truth should be developed. Some candidate techniques are: path- 
integrated microwave and optical extinction, electro-optical disdrometers (especially on ships), and low-cost 
vertically pointing Doppler radar. Simple, reliable, rugged, and easily deployable data collection platforms 
communicating through satellites should also be developed. 


Sampling 

The precise measurement of precipitation from space is fraught with numerous problems including those re- 
lating to sampling. Sampling problems, can however, be lessened through concurrent development of the observing 
strategy design with the precipitation measurement system design. In this regard, the general principles of proper 
experimentation (e.g., clear specification of the objectives, measurement system, estimators, and data management) 
must be given careful attention. 

Five categories of statistical problems that derive from the requirement that precipitation be properly sampled 
are: 


• An agreed upon definition of precipitation requirements in terms of resolutions and accuracies 

• The determination of the stochastic and historical characteristics of precipitation on space scales up to an 
orbital swath width of 1 000 km to 1 500 km and time scales ranging from hours to montlis to be used for 
(a) selecting sensor scanning patterns, revisit times, and orbital characteristics; and (b) determining the 
transfer function between the “true” precipitation and that observed by a remote sensor 

• The development and modification of statistical theory to handle the multivariate nature of the precipita- 
tion process 

• The selection of appropriate statistics for intercomparison with alternative systems for determining pre- 
cipitation and for comparison with accurate “ground truth” 

• The special problems of diurnal variability and the possible tise of periodic measurements from low Earth 
orbiters supplemented by sequences of near-continuous IR proxy measurements from geosynchronous 
earth orbiters. 

Problems in all of these categories need to be addressed for numerous precipitation typ>es and climatic regimes. 
The establishment of precipitation models and their statistical properties is one of the primary motivations behind 
the earlier ground truth recommendations. Furthermore, we believe that the time has come for a field comparison 
of alternative satellite precipitation estimation systems to provide information and direction to future designers. 

It must he emphasized that the success of remote sensing techniques will depend greatly upon the integration 
of applicable sampling theory and the estdc ishment of a firm foundation of statistical properties of area-wide 
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precipitation. This is particularly true for an adaptive or selective scanning radar approach. (See spaceborne radar.) 
The data required to develop such a foundation can be obtained from an adequate area-wide ground-truth system 
(see ground truth) such as will be provided by the proposed NEXRAD network Useful data sets based on special 
expenments such as GATE can be exploited to conduct the necessary simulauons of sampling strategies and the 
expected accuracies. 

Recommendations for sampling are as follows: 

1 Conduct a field evaluation of satellite techniques that are available now for estimating precipitation with ade- 
quate ground-truth. 

2. Improve o' further develop sampling theory and estimation methods for univanate and multivariate stochastic 
processes to support estimation of ground level precipitation. 

3. Pursue the characterization of precipitation over a wide range of weather and climate regimes and geographical 
locations. 

4. Further develop understanding of sampling requirements based on analysis of existing data and results from 
the field evaluation experiment to provide the design critcna for the sampling strategy of a future global pre- 
cipitation cxpcnment. 

5. Improve the “adjustment schemes” for handling subscale precipitation processes. 

6. Develop physical and stochastic models for simulating precipitation processes associated with d. and e. above. 
Conclusion 

The measurement of precipitation from space on a global scale is a formidable problem because as yet there are 
no guaranteed methods which can be relied upon to perfonii under all circumstances around the world. Nevertheless, 
we already have some VIS and IR techniques that provide climatologically useful data in the subtropical belt. Also, 
over the oceans we are quite confident that these methods can be extended to extratropical regions by means of im- 
proved microwave radiometers. The use of combinations of measurement systems should be most valuable in filling 
die great gaps in our knowledge of oceanic precipitation, and it would serve a broad spectrum of users both in cli- 
mate research and global weather predicuon. 

Furthermore, for the first time, we now have a set of conceptual methods including spaceborne radar, either by 
itself or as part of a hybnd system, which show promise of operating over both land and ocean At the very least, 
these approaches deserve serious feasibility studies and field trials. In short, the needs have been well articulated and 
the technolog 7 is within reach. Therefore, it is time to proceed with a strong and well-oidered program of study and 
development as summarized here and as detailed in this report. 
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1. INTRODUCTION 
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INTRODUCTION 


The workshop on ‘"Precipitation Measurements from Space” was organized by the NASA/Goddard Laboratory 
for Atmospheric Sciences with the joint participation of the National Oceanic and Atmospheric Administration’s 
(NOAA’s) National Earth Satellite Service and the National Climate Program Office (NCPO) This workshop was a 
follow-on activity associated with the Climate Observing System Study (COSS) initiated by NASA in 1980. 

At the first COSS workshop (1980), it became clear that precipitation, one of the fundamental descriptors of 
climate, was not being adequately measured on a global basis. Precipitation data over the oceans are particularly 
sparse, Furthermore, such global data requirements are not being addressed under other planned earth and environ- 
mental observational programs. Subsequently, the importance of and need for space measurements of global precipi- 
tation were reiterated and more strongly emphasized at the joint ICSU/COSPAR Coninission A Study Conference 
(1980) concerning space observations for climate r'^sear h. Tlius, the next logical step was to explore, as a high- 
priority item, ways to obtain more complete information on this key parameter. 

There is a broad spectrum of needs for precipitation measurements, both for research and for applications. 
-Expenmental satellite techniques for rainfall m asurements have been tested but often with ambiguous results, par- 
ticularly over land areas. Now, with the emergence of the National and World Climate Programs, precipitation meas- 
urement has taken on added dimensions. Precipitation is not only a key climatic index with a host of practical 
implications, but it is a major component of both the gkbal energy and water budgets. For these reasons, precipita- 
tion must be observed accurately and with reasonable uniformity over the globe, presumably by satellite methods. 

This does not imply that the sole driving force for improved precipitation measurements are the needs of the 
climate program, or that satellites alone are likely to be able to do the job. To the extent possible, the observing 
system should be capable of meeting the full range of needs, from local flood warnings on up. Also, where necessary 
and possible, the obseiving system may be a composite of two or more techniques (e.g., sateUites and ground radar 
or gages). 

With these ideas and views in mind, the precipitation workshop was planned with the following pnmary goals: 

• To critically assess the various existing and proposed methods for measuring precipitation from space 

• To establish research and development guidelines for realizing near-, mteimediate-, and long-term objectives. 

In connection with these goals, the following six key topics and related questions werz identified for particular 
attention at the workshop; 

• REQUIREMENTS FOR PRECIPITATION MEASUREMENTS 

It was not the intention at this workshop to redevelop specific measurement requirements but lather to 
survey andsynthesue documented user needs for precipitation data, including the disciplines of climate, agricul- 
ture, hydrology, severe storms, and global weather. For climate, requirements have been well documented by the 
Global Atmospheric Research Program (GARP) (1975), the NASA Climate Progrcun (1977), the National Climate 
Program 5-ycar Plan (1980), and the NOAA Climate Program Plan (1981). Other precipitation requirements are 
identified in the more specialized plans of various agencies, by the World Meteorological Organization (WMO) in 
a number of program plans (e.g., WMO, 1980) and by vanous research disciplines and commercial interests. To 
obtain better insight on current thinking in all areas, however, a wide-ranging survey was conducted before the 
workshop. A summary of these results is included in tlie body of this repon, under “Requirements.” 

• SAMPLING PROBLEMS 

Precipitation is intermittent in space and time, and its statistical characteristics may depend upon precipitation 
type, geographical location, season, and time of day. Thus, one session of the workshop was devoted to evaluating 
the impact of the statistical nature of precipitation on the choice of sampling strategies for both space and “ground- 
truth” measurements. Also, the determination of spatial and temporal sampling characteristics required by observa- 
tional systems for meeting measurement requirements was an important workshop objective. 
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GROUND-TRUTH MEASUREMENT SYSTEMS 


# 


Ground-truth measurements are a fundamental requirement for both designing the observing system and for 
validating space precipitation measurements, therefore, the specific needs for various ground-based techniques and 
combinations require careful study. There are important questions concerning the adequacy of rain-gages, density 
of gage networks, use of radar as the ultimate tool, and the need for upward-looking microwave radiometers. The 
selection of representative geographical locations for ground-truth measurements and/or benchmark sites is of ob- 
vious importance. 

• VISIBLE (VIS) AND INFRARED (IR) TECHNIQUES 

The purpose here is to address the basic VIS and IR Satellite methods for estimating rainfall, and the accuracies 
achieved in various time/space domains. Significant limitations in terms of type of rain (convective/stratiform), 
transportability of the method from one geographical region to another, satellite viewing conditions, diurnal effects, 
types of orbit, etc. are key questions that must be answered. 

• MICROWAVE RADIOMETRY AND HYBRID TECHNIQUES 

The basic theory and performance of microwave radiometry for making precipitation measurements must be 
reassessed for two purposes: (1) to see how the results of previous experiments (ESMR-5* and SMMR) may be 
better understood and improved, and (2) to provide insights for optimizing future instruments. Furthermore, every 
opportunity should be taken to compare microwave data against other ground-based information such as those 
gathered during the GARP Atlantic Tropical Experiment (GATE). Also important is the comparison of microwave 
radiometry precipitation measurement techniques with VIS and IR methods and exploring ways in which they can 
be used in combination to provide improved data. 

• SPACEBORNE RADAR 

The potential of spacebome radar as the ultimate toe* for making direct precipitation measurements over the 
entire globe must be seriously considered. A number of approaches can be taken that involve conventional pulsed 
radar, coherent Doppler, dual wavelength, and/or polarization, etc. Ail these possibilities must be subjected to de- 
tailed feasibility studies. An important consideration is the possible combination of active and passive microwave 
techniques and hybrid schemes involving VIS and IR channels. The goal is to exploit advances in technology that 
promise to overcome the long-standing obstacles to the effective use of spacebome meteorological radar. 

The findings of the working groups for these topics are reported in the next six sections. Additional details 
are contained in the reprints (Appendix D) ot the papers presented at the workshop. 
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ORiGJriAL 

2. REQUIREMENTS ^ Q..',UITY 

2.1 SUMMARY OF REQUIREMENTS AND RECOMMENDATIONS 

2.1.1 Summary of Requirements 

Although as much of the full spectrum of precipitation measurement requirements as can be identified is con- 
sidered in the proceedings of this workshop, the focus here is on climate. It was recognized at the outset that, in 
proceeding toward a global climate observing system, much (if not most) global climate information would result 
from operational systems (both satellite and conventional), and, conversely, any space system or technique that 
might be proposed for climate measurements must meet as many operational weather and real-time applications re- 
quirements as possible. It is already apparent that some precipitation requirements, in both operations and research, 
have such stringent coverage, resolution, temporal, and accuracy constraints that they obviously cannot be completely 
met through remote sensing from space within the foreseeable future. It is equally obvious that current ground-based 
facilities (rain gages and radar) are also inadequate and would have to be augmented. Nevertheless, a large number of 
climate applications, assessment, diagnostics, predictability and research problems can and must be addressed with 
space data where conventional methods are clearly impractical. 

The major gaps in the availability of useful global precipitation infomiation are as follows: 

a. Over the Oceans 

b. Over Land, where rain gages and ground radar systems are few or nonexistent. Few continental areas of the 
worlu other than North America and Europe even approach adequate ground-based measurement systems. 

c. Detection and measurement (or estimation) of cyclonic (stratiform) precipitation by using space observations. 
(The several visible (VIS) and infrared (IR) satellite techniques that are now in use and that have potential 
global capability are almost entirely restricted to convective precipitation detection.) 

From a relatively detailed survey of precipitation requirements and through insights gained from the workshop 
participants, it is apparent that about 20 percent of the requirements (i.e., spatial resolutions below 10 km with cor- 
respondingly high temporal and accuracy requirements) are over land and will have to be met with ground-based sys- 
tems in the foreseeable future. On the other hand, it is also apparent that about 80 percent of reported precipitation 
requirements for a wide range of purposes can be met in some way through space technology supplemented by con- 
ventional methods. The climate research and applications requirements falling into this 80 percent category can be 
summarized as follows: 



Spatial 

Resolution 

Temporal 

Resolution 

Accuracy 

Global 

100 by 100 km 

Monthly averages 

25% 

Continental 

25 by 25 km 

Daily totals* 

10% 


*With sufficient sampling to detect diurnal component. 


Table 1 , which appears later, contains more detail about requirements for specific applications. 

On the basis of current capabilities reported in other sessions of the proceedings, it is particularly encouragmg 
to note that a large share of this comprehensive requirement could probably be met now by using existing satellite 
techniques and conventional measurements. Section 4 describes VIS and IR satellite methods. The “Requirements'* 
working group specifically recognized that data are now available for: 

• providing useful information to climate-oriented users 

• enabling the systematic evaluation of the data and identification of specific needs for further improvements, 
and 
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• promoting user familiarization and the development of user methodologies including satellite-derived data. 

For long-term global climate research needs, and even for certain applications problems, the primary goal is to 
obtain precipitation information over land and oceans in a representative way for unambiguous comparative analysis, 
The measurements must also have long-term stability and reliability for effective analysis of monthly, seasonal, and 
interannual fluctuations. Absolute accuracy is a secondary requirement. 


2.1.2 Summary of Recomm e ndations 

The following recommendations are based on the recognition that “requirements,” though well-documented, 
are so variable and dependent on so many factors that further refinements would not be realistic at this time. Ac- 
cordingly, we should (1) continue to develop useful precipitation information from available sources and (2) plan for 
new techniques where appropriate; specifically, we should: 

• Develop stable records of indices of precipitation (even rain/no rain discriminators) until quantitative tech- 
niques have been proven. All such records should be easily accessible by specific geographical location. 

• Process the operational data to provide statistical distributions (within 2^-by-2H grid square or 1 -by-1 de- 
gree if possible) of cloud IR temperatures as a useful index of precipitation for diagnostic studies of the 
tropics and continental summers. The data thus compacted would be in a form suitable for further time- 
averaging for climate purposes. 

• In view of the paucity of global oceanic rainfall information, develop a record of base -peri' d means for the 
period (4 years) of ESMR-5 microwave data. This would involve the use of microwave data for middle lati- 
tudes and use of the IR data supplemented by the highly refiective cloud (HRC) (Kilonsky and Ramage, 
1976) data over the tropical Pacific to tune the microwave data for extension to the tropical Atlantic. 

• Establish a precipitation climatology project, develop refined precipitation data products from the FGGE 
data set as a starting point, and expand the data sets both forward and backward in time as available data 
and verified new tecliniques permit. 

• Because the proposed International Satellite Cloud Climatology Project (ISCCP) promises to compile and 
archive extremely valuable global cloud information, the project should be aware of and include the needs 
for precipitation in the design of the archive, 

• Develop satellite precipitation estimation techniques in conjunction with improvements in terrestrial tech- 
niques to enhance the validity of both approaches and to facilitate user acceptance. With user feed backs, 
proceed with the development of long-term reliable precipitation records and tailored data sets that have 
been specified and justified. 

• Develop a space-based capability for ocean precipitation measurements. In the meantime, expand oceanic 
precipitation data collection through improved techniques on ships of opportunity. 


2.2 DISCIPLINE-ORIENTED REQUIREMENTS - GENERAL 

The research and operational communities have different points of view. Researchers must appreciate the lim- 
itations and constraints on the data, but, to do so, they must receive adequate documentation regarding Ae measure- 
ment and data-base development. As techniques improve, researchers will want to be able to reprocess the original 
data on certain occasions. On the other hand, because operational users need a readily usable product, reliability and 
timely communications are key factors. The following paragraphs describe significant operations and research 
considerations. 


2.2.1 Operations 

• Reliability . Operational users must be assured of a continuous flow of data that match or surpass the reli- 
ability of existing systems. Thus, system design should avoid single points of failure (e.g., at a downlink 
site) that threaten the entire system. 
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• Cost . In the severe budget environment and the likelihood of spreading user charges, the space-acquired 
data must be cost-competitive with existing data sources. The system might be designed to meet require- 
ments at modest cost and stringent requirements (high spatial and temporal resolution) at higher cost. 

• Timeliness . Most operational users provide their output at specific times. Therefore, the input data must 
be available at specific intervals. This often becomes a communications problem for instance to communi- 
cate rainfall rates to hydrologists who make flash -flood forecasts. 

• Compatibility with User Applications Techniques . The space-acquired information must be furnished in 
usable amounts and in the proper form for insertion into user systems. Thus, the data-handling system 
must convert satellite-sensed data (radiances) to geophysical data appropriately averaged and formatted. 

• Operational climate users require a stable record. Therefore, if changes in the instrumentation or data- 
handling process disturb the continuity of the record, climatological users must be able to adjust. 

• In general, satellite techniques must show advantages over existing methods if they are to be adopted. 


2,2.2 Research 

Many of the operational considerations also apply to researchen, but, in addition, researchers specifically want: 
(a) access to the raw data,(b) detailed calibration and registration information, and (c) documentation on algorithms, 
programmmg, etc. 


2.3 SPECIFIC DISCIPLINE CONSIDERATIONS 

2.3.1 Global Chmate 

2. 3. 1.1 Operations and Services . Climate diagnostics consists of the study of climate fluctuations whose time scales 
arc longer than the lifetime of typical weather systems bui shorter than the time scales of climate normals. Some 
examples are blocking episodes, pronounced seasonal anomalies, global -scale atmospheric teleconnections, and 
interannual-scale ocean-atmosphere oscillations (e.g., the Southern Oscillation). Diagnostic precipitation data are 
required for evaluating surface hydrological parameters (e.g., precipitation, runoff, and soil moisture, the large-scale 
atmospheric hydrologic cycle, and the latent heat contribution to the atmospheric heat balance). 

Although the specific precipitation data requirements depend largely on the particular application, they tend 
to cluster on the following scales: 

• Spatial scale - Large regional to global 

• Spatial resolution - 200 to 500 km 

• Time scale - Few weeks to few years 

• Time resolution - Week to month 

Note that accurate averages for diagnostic time/space scales require a much finer time/space network of basic 
precipitation measurements. In this regard, the basic data requirements may not be very different from applications 
with more stringent time/space averaging requirements. The accuracy requirements are even more difficult to define 
In areas of low precipitation, the absolute accuracy requirements may be quite high, whereas, in regions of high pre- 
cipitation, the requirements are usually less stringent. In general, the accuracy should be adequate for defining sig- 
nificant year-to-year variations. 

Although highly accurate precipitation estimates on the time/spacc scales specified would be desirable, a great 
deal of information can be obtained from simple but stable indices of preapitation or even a few levels of discrimi- 
nation of precipitation amount. The requirement for precipitation estimates over much of the Earth’s surface, 
coupled with the requirement for a relatively coarse time/space resolution, points to the use of a statistical rather 
than a detailed life-cycle approach for generating the long and stable time series required for diagnostic applications. 





Future research and developments in sensor systems will undoubtedly lead to improvement in the accuracy of 
precipitation estimates from remote sensors. However, convincing evidence indicates that current operational IR and 
VIS data, if properly processed, are adequate for estimating precipitation on diagnostic time/space scales over the 
areas of the Earth, including the tropics and the midlatitude continents during the warm season, where precipitation 
is primarily convective in nature. The key requirements for broadscale use of these data for operational and research 
purposes is that the statistical summarization required for reducing the row pixel values to a more manageable data 
set of frequency distributions of equivalent blackbody temperatures be incorporated into the basic processing 
operation. 

2.3. 1.2 Model Development and Research . The combined use of precipitation measurements and numerical general 
circulation models can greatly advance our understanding of the dynamics of climate and help in making short>period 
(i.e., monthly and seasonal) climate predictions with such models (Mintz, 1981). 

The interaction between the condensation heating field and the motion field is especially strong in the tropics. 
However, we now have neither adequate information about .ne distribution of the condensation heating in space and 
time nor about the motion field, which, within the tropics, cannot be adequately approximated from the pressure 
field. We must know much more about at least one or the other of these two strongly coupled fields. Insofar as the 
condensation heating is concerned, we must know the corresponding average daily precipitation, averaged for areas 
of the order of (100 km)2, with an accuracy in this time and space average of about 0.5 mm/day. 

Although the precipitation itself is not a physical-state variable, precipitation over the continents can be used 
to initialize one of the most important physical-state variables of a climate model (namely, the soil moisture). This 
can be done by soil moisture budget calculations from daily (or weekly) amounts of precipitation at the resolutions 
and accuracy previously indicated. 


2.3.2 Agricultural Uses for Precipitation Information 

Precipitation data required for meeting the needs of agriculture have very different time and spatial resolution 
requirements. The major categories are strategic and tactical planning for on-farm decision-making, monitoring, and 
real-time assessment for large-crop regions and research. Timeliness and cost of data acquisition are critical in the 
first two categories, but accuracy needs are not as stringent (±20 percent). The last category, research, has very high 
accuracy requirements, but it is generally not as tightly constrained by time and cost considerations. 

Although data needs are limited primarily to the crop-growing season and regions, in cases where irrigation is 
widely used, monitoring of data from outside water-sources regions is important. This would include current precip- 
itation and snowpack build up during the winter season to evaluate potential water supplies for meeting the next 
season's irrigation needs. Precipitation data may or may not be converted to an index, (i.e., soil moisture, etc. for 
aiding users in decision-making). Agricultural users would not need precipitation information over the ocean. Most 
agricultural users consider the satellite data as a potential source to Incrementally add to the information obtained 
from ground observations. In summary, precipitation is used in agriculture for: 

a. Strategic (climate) planning and tactical (weather) operations on the basic production unit - the farm 

b. Precipitation impact assessment on agricultural production on a state, regional, national, and inter- 
national basis for planning 

c. Research in support of a and b 

d. Daily average precipitation for daily soil-moisture budgets for small areas (experimental plots) for irri- 
gation planning and management decisions. 

c. Daily end-of-day (weekly, monthly) average precipitation over “county” for crop-reporting of district- 
size areas (20 to 100 km)^ 

f. Spectrum of hourly rates over small areas for soil erosion, nutrient, and runoff losses to larger areas 
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Key points related to agricultural requirements and applications arc: 

a. The most rapid payoff comes from immediate applications to daily problem-solving and decision-making. 

b. The use of climate models would not provide an immediate payoff. These would be used in longer range 
planning. 

c. The state of the art of precipitation measurements from space is not as good as the e.xisting surface network 
for measuring precipitation in the United States and Europe, but, for requirement a, these measurements may 
improve surface-derived means for other areas of the world, especially for verifying areas that receive no 
precipitation. 

d. Obtaining mean precipitation for county -size areas (40 by 40 km) would go a long way toward fulfilling both 
requirements a and b. 


2.3.3 Hydrological Uses for Precipitation Information 

Precipitation is one of the most important processes in the hydrologic cycle. It can be viewed as the '"driving 
force'* in many hydrologic models. Proper location of rainfall accumulations in time and space influences predictions 
on which flood warning, reservoir management, and water-supply decisions must be made. 

2.3 .3.1 Data Exchange . A key concern is supporting better exchange of existing water-related data before requesting 
support for new methods of acquiring the same kinds of data. The community of water resource data users should 
attempt to support individual data procedures in making their producu available to all interested parties in an ADP 
usable form. For example, the precipitation and soil-moisture information routinely generated by the River Forecast 
Centers of the National Weather Service (NWS) is of significant interest to agricultural and climatological data users, 

2.3 .3.2 Data-Error Considerations . It is particularly important to determine the maximum allowable error for data 

in hydrology and other related fields and to assess the temporal and spatial resolutions associated with these maximum 
allowable errors. Data specifications submitted by users of rainfall data arc often for the optimum resolutions. This 
is not surprising because, when asked for only one set of numbers, users request the best. Often specifications de- 
veloped in this manner require more detail than can be used operationally although they may be appropriate for re- 
search studies. These specifications may impose requirements beyond the current state of the art and, lacking near- 
term benefits, discourage investment into any remote-sensmg methods. Publishing the least-stringent beneficial 
requirements would show greater opportunity for success and encourage the investment of time and capital into 
acquiring practical data. 

2. 3 .3 .3 Data Requirements for Forecasting . Data required for hydrologic forecasts can best be discussed by dividing 
the forecasts into three classes: 

• Rash flooding 

• River stage 

• Water-supply forecasts 

Flash-flood advisories are issued primarily to save lives. They alert the public, who must then determine where 
danger threatens and make an immediate response. The detail in a forecast depends on the spatial and temporal reso- 
lution available to the reporting system and the delay time from measurement of data to the dissemination of the 
warning. Although optimal temporal resolution would be about 10 minutes with spatial resolutions of a few kilometers, 
temporal resolutions of 1 to 6 hours with spatial resolutions as coarse as 10 to 40 km would give beneficial information. 
This is especially true in areas that do not have weather radars in which the rain -gage density is very low. 

Rive. -stage forecasts are issued to aid in reducing property damage, as well as in preserving lives. These forecasts 
are issued to alert the public to the extent of flooding and, in some cases, the times that a river is expected to rise to 
critical points, such as flood stage. A flood forecast must be issued to give the public sectors that are prone to flood 
damage the maximum possible response time to protect life and property. Because the expense involved in protecting 
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or moving property may be large, it is important that the forecast neither underestimate the flood, thus permitting 
excessive flood damage, nor overestimate inundation, resulting in unnecessary expenses in responding to the flood 
warning. The degree of accuracy required for this forecast is relatively high for the data to be input to the forecast 
model. Models used by the National Weather Service are generally run on areas at least as large as headwater basins 
that are about (500 km)^. Altliough models are being adapted to run on an hourly basis, they are now usually run 
on a 6-hour basis. On the basis of these requirements, a satisfactory temporal resolution would be 1 to 6 hours with 
a spatial resolution of about 20 km. However, beneficial use can be made of data witli a 24-hour temporal resolution 
and spatial resolutions nearing 1 degree of latitude or longitude. 

Water-supply forecasts are used to estimate water supplies for urban and agricultural uses from days to a few 
months into the future. A water-supply-forecast model generally estimates the rainfall or snowmelt that is expected 
to flow into a reservoir or other collecting point from precipitation observed up to the time that the forecast is pro- 
duced and from precipitation that can reasonably be expected to occur between the time the forecast is issued and 
the projectf d time of the forecast flow. Desired spatial resolution for input data to this forecast model would vary 
depending on the catchment, but could be about 20 to 200 km. Although temporal resolutions as large as 1 month 
would be useful, the shorter the interval between issuance of the forecast and the expected occurrence of the forecast 
flows, and the more frequently the forecasts arc to be issued, the smaller the temporal resolution would need to be. 

2.3 .3 .4 New Techniques . The economics and logistics of new techniques should be discussed when the technique is 
first publicly described. Published discussions of new techniques and systems for data acquisition should consider 
the economical and logistical requirements for operational use, as well as the technical details of the measurement. 
Developers of rainfall estimation systems should be aware of the most likely uses of their data, the expected initial 
unit price of the data, and how it fits in with any existing systems. By considering the operational systems for which 
remotely sensed data could be used, the researcher can do much to prevent data-processing problems from delaying 
or preventing their method from going into operational use. By understanding the achievable accuracies with existing 
versus proposed data systems and the corresponding unit data costs, the developer can compare the costs and the 
advantages to be obtained by a new method with those of any current systems and thereby be better able to direct 
his research efforts and to portray his or her method in the best possible light. 


2.3.4 Severe Thunderstorms and Local Weather 

Because of the rapidly changing nature of intense mesoscale phenomena, the time and space resolutions of the 
necessary observations probably have the most stringent requirements of any time/space scale. The spectrum of uses 
and potential uses for rainfall information in the severe storm area ranges from the direct use of rain-fall -rate informa- 
tion in flash-flood detection and study, to tropical-cyclone rain-fall and its relation to storm energetics and intensifi- 
cation, and to model initialization and verification with rainfall data. 

The observational requirements vary from application to application. Although some of the requirements 
could be met with low-orbit satellite observations, the high time frequency (down to tens of minut;?s) of some of 
the requirements dictates geosynchronous observations. This high altitude negates most ideas of a '^direct** observa- 
tion of rain rate with microwave techniques, but does not preclude a hybrid technique with a microwave rain/no ram 
sensor to give coarse rain boundaries and magnitude to be estimated from cloud-top information derived from VIS 
and IR channels. 

For flash-flood detection, high time and space resolution information is needed for rainfall rate, especially at 
higher rain rates. Although this information is usually obtained from radar data, recent attempts have been made to 
obtain useful data on the necessary time and space scales from geosynchronous satellite VIS and IR (window) data 
(Scofield and Oliver, 1977; Griffith et al., 1978). These techniques depend on empirical relations between satellit.^ 
observation of cloud parameters and radar or rain-gage estimates of rainfall. Although clouds are correlated with 
rainfall, the lack of a strong physical basis for the empirical relations make the techniques susceptible to errors when 
applied to various geographical, seasonal, or synoptic situations. 

Observations of tropical<yclone rainfall over water are important for: (a) studying and monitoring storm 
latent-heat release and rainfall patterns in relation to storm energetics, (b) estimating rainfall potential and land fall, 
and (c) model initialization of tropical -cyclone models. Using rainfall-rate information deduced from the EMSR-5, 
Adler and Rodgers (1977) and Rc^gers and Adler (1981) have shown that th data aie useful in determining the 
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rainfall characteristics of these storms and that the data appear to be potentially useful m monitoring and making 
short-term prediction of their intensity. In addition, knowledge of total storm rainfall and rainfall distribuuon m 
the storm just before land fall may be helpful in forecasting coastal flooding. 

Regional -scale and mesoscale numerical models are important in forecasting and understanding precipitation 
events. However, precipitation information should also be important in initializing and verifying such models. 
Numerical models of this type are typically initialized With temperature, pressure, moisture, and wind information 
at synoptic scales. Information at smaller scales can be added through low>orbiter sounding data, geosynchronous 
sounding (VAS), and some “cloud-track” winds. However, rain-ratc data would provide indirect evidence of diver- 
gence and the agcostrophic component of the flow on subsynoptic scales. Tarbcli et al.,(1981) used this approach 
to indicate a forecast improvement when using observed (rain-gage) rainfall against no rainfall information. Rainfall 
rate information may also be useful in mitiaiizing tropical-cyclone models. 

Rainfall information is also important in verifying regional models because it is one of the most important 
forecast variables on this scale and it is the only variable routinely observed at the mesoscale, even with ram gages. 


2.3.5 Global Weather 


Meteorologists appreciate the fact that moisture can play an important, if not dominant role, in supplying 
energy to tropical and extratropical weather systems. In the tropics, where the air is almost saturated, only the 
slightest amount of uplift is required to initiate the release of vast amounts of latent heat to fuel systems as diverse 
as convective cloud clusters and hurricanes. The role of latent heating on extratropical systems is much more subtle. 
Although the primary energy source from synoptic-scale systems is often the release of gravitational potential energy 
through the sinking of cold air and the rising of warm, the latent heat that is eventually realized through slow uplift 
of large masses of air appears to significantly modify the evolution of the system. 

Midlaiitudc mesoscale systems are also fueled by latent-heat release but in a different manner. The dominant 
mode of uplift is convective, such as that associated with convective cells in a squall line. In many cases, after the 
systems are initiated, they are driven mainly by the convective heat release, and larger scale barochnic energy con- 
versions play only a minor role. 

Through the use of conceptual models, such as convective instability of the second kind (CISK), dynamicists 
have understood the consequences of latent-heat release on tropical systems, despite the paucity of rainfall and mois- 
ture data. The more subtle effects of latent heating on extratropical systems will require much more extensive ob- 
servational coverage of moisture and precipitation for understanding its consequences. The flow chart in Figure 1 
will help in understanding some of the effects of water on a synoptic-scale system. Horizontal and vertical motions 
both affect the distributions of liquid water and water vapor. When vapor condenses the resulting latent heating can 
in turn create horizontal temperature gradients and vertical motions result to maintain a state of geostrophic and 
hydrostatic balance Thus, a complicated nonlinear interaction occurs between the moisture and liquid-water distribu- 
tions on one hand and the motion field on the other through the agency of latent heating. An indication of how much 
condensation, and thus latent heating, is occurrmg is provided by the field of precipitation. 

The conclusion is that precipitation measurements alone will not enable us to unravel the effects of latent heat- 
ing on synoptic-scale systems or the general circulation of the atmosphere. Satellites, in conjunction with conventional 
observations, must provide simultaneous distributions of water vapor, liquid water, and precipitation if the complex 
interactions between the motion fields and the moisture fields arc to be understood. 

There arc simple methods of discerning the immediate effects of latent heating on vertical motion fields, de- 
rived by solving the thermodynamic equation of the quasi-geostrophic omega equation, but it is impossible to check 
the accuracy of these techniques without the ground truth provided by reliable moisture, liquid-water, and precipi- 
tation measurements. 

A frequent problem in analyzing precipitation data is that they tend to be very spotty. Local values of rainfall 
rates are strongly influenced by orography, and thus a single station may not be representative of regional rainfall 
rates. Furthermore, if convective precipitation is occurring in a system, the proximity of a stauon to a cell can com- 
pletely influence the rainfall rate and mean rates over an area are difficult to evaluate. Thus, it is often essential to 
measure precipitation with a very dense network. 
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SOLAR HEATING OF POOR QUALITY 

AND 

INFRARED COOLING 



Figure 1. The Role of Moisture and Liquid Water in a Synoptic System 
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To develop a thorough understanding of moisture as it affects not oniy thw‘ general circulation but the synoptic 
and mesoscalc systems, we must be able to serise precipitation over a fairly dense network of stations and simultane- 
ously sense vapor and liquid-water distribuuons. Unfortunately, precipitation measurements are lacking for oceanic 
regions where satellite microwave measurements of total liquid-water content of the atmosphere arc apparently 
straightforward. Making microwave measurements of liquid water over land is difficult because of the rapidly vary- 
ing brightness temperature of the ground, but precipitation measurements are poisible. 

Global requirements for precipitation measurements are 3-hourly measurements wah an average sepai ition be- 
tween stations of no more than 100 km, at least initially The present network of stations over North Amenca could 
probably be extended to satisfy this requirement. However, coarser scale measurements of vapor and liquid water 
must also be available. The conventional radiosonde network could provide the vapor data, but technology does not 
exist for providing the liquid-water data unless the NOAA radar network codd be used for this purpose. 


2 4 REQUIREMENTS ANALYSIS 

In an attempt to develop a meaningful precipitation measurement specification for this workshop, a .ather 
exhaustive inquiry of “requirements” was made. The intent was to form a realistic basis for climate observational 
system design considerations and for developiPig techniques and processing strategies for obtaimng useful climatic 
data from existing sources. Although the emphasis was on climate, precipitation requirements for all identifiable 
disciplines and applications were reviewed. 

Although a better recognition and descnption of certain requirements, including some refinements resultuig 
from the workshop deliberations, broad requirements as outlined in van^rus source documents (such as the Global 
Atmosphenc Research Programme Publication 16 ( 1975), Th‘. Proposed NASA Contribution to the Clunate Program 
(1977), the Role of Satellites in WMO Programmes m the I980's (1980), and the Climate Data Management Work- 
shop Report (1979), remain essentially valid. For a number of operational and special research applications, however, 
more detailed requirements, usually in terms of higher resolution and accuracy . are indicated, and some of these have 
been reflected in the foregoing subsections Both the detailed and the broader needs for precipitauon measurements 
indicate that the soectrum of “requirements” is almost limitless. This became especially apparent when a survey was 
conducted in prepi.ration for *his workshop. The survey was wide-ranging to oblam as comprehensive a view of pre- 
cipitation information needs as possible. Although climate was the primary mtcrest, it was necessary for practical 
reasons to assess the extent to which other measurement requirements could be met The broad spectrum of the 
user commumty from which mfomnation was sought included sutc climatologists, the academic research community, 
and government and private organizations concerned with operations, research, and applicauons in the fields of 
climate, weather, agriculture, hydrology, forestry , energy, and waver resources. From such a diverse group and 
variety of interests (over 100 responses) one would expect unique and highly specialized requirements for precipi- 
tation mformation. Measurement frequencies ranged ^om continuous to one per week, spatial resolutions from a 
few meters to zonal, temporal averages; from 5 minutes to 1 year, and accuracies from 0.5-mm/hr to rain/no rain 
events. With this wide range, however, a pattern did emerge which indicates that many of the requirements, at least 
at useful level, could be met with space techniques directly or in combination with conventional measurements. 
The resulting general specification was outlined earlier m tho “Requirements” summary section. Somewhat more 
detail relative to specific applications is included in Table I . 

The more stringent measurement requirements (i.c., less than 10 km), with correspondingly high temporal and 
accuracy requirements, must obviously be met with currently available or improved convenuonal systems or perhaps 
with specialized observational systems tailored to the particular need. 

Some of the significant comments contributed in the requirements survey (which arc not inconsistent with the 
general conclusions reached at the workshop in connection with specifying requirements) are: 

• Widely differing tolerances may be acceptable, depending on applications of the data. One should relate: 

(a) intended data uses, (b) ,, nal coverage needed, (c) resolutions and accuracies, ano (d) tolerable costs 
associated with each requirement. 

• There is a wide variation in requirements between research and operations. 

• Many requirements ate dependent on the time of year. 
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Table I 0p pQOfi QUALITY, 

Precipitation Data Requirements 




, 

Resolution 



Application 

Accuracy 

Horizontal 

(km) 

Temporal 

1 . Global climate 




Global 

10-25% 

200-500 

1 week-1 month 

Continent 

10 

25 

1 day 

2. Global weather 

10 

100 

1 day 

3. Synoptic weather forecast 

10 

100 

6-12 hr 

4. GCM 

0.5-2 mm/day 

100 

1 day 

5. Tropical cyclone (over wa^er, 

10-30% 

2-20 

0.5-6 hr 

6, Thunderstorm/flash flood 

10-30% 

1-10 

10-30 min. 

7. Mesoscale modeling 

10-25% 

25-100 

15-60 min. 

8. Crop-yield modeling 

10-30% 

50 

1 day 

9. Soil-moisture evaluation 

20% 

20-100 

1 day 

10. Water-supply forecast 

10% 

10 

1 day 

1 1 . Hydrological structure design 

50% 

10 

1 week 


(For tne details of hydrological requirements, see Hudlow,et al. “Hydrological Forecasting Requirements for 
Precipitation Data from Space Measurement,” (Workshop Preprint). For practical reasons, requirements of 
hydrological and agricultural applications for underdeveloped countries are substantially relaxed.) 


• The unique characteristics of different regions dictate a variety of resolutions, accuracies, and sampling fre- 
quencies e.g., coastal regions (sea and land-breeze precipitation), arctic/antarctic regions (few measure- 
ments are necessary because average accumulation is only 3 to 5 cm/yr), oceans (more detail are needed 
over tropical oceans than over temperate oceans), island data (small island precipitation should be dis- 
tinguishable from surrounding ocean rain). 

• Precipitation data and information should be accessible according to geographical sectors. 

• To have confidence in satellite measurements or estimates, they must be correlated with ground-based 
measurements, but there is also strong concern about large errors in rain-gage measurements. 

• Long homogeneous series of internally consistent precipitation data are required. 

• Although absolute calibration is not particularly important, reliability is essential. Considerable accuracy 
could be traded for it. 

• For real-time applications (i.e,, flash foods, hurricanes), communications are more import - t than high 
accuracy. 

• Precipitation events should be distinguishable according to convective or stratiform origin. 
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• To be most useful, the spatial scale of space precipitation measurements should be better than that derived 
by isohyets based on existing ground observations. 

• A space measurement system should be able to distinguish between rain and snow. 

• Correlative data for clouds, sea-surface temperature, and winds are needed with comparable accuracies. 

• Negative departures of precipitation are more critical than positive departures, 

• Ocean precipitation data, especially more finely gridded data between 20'^S and 20°N, are a major require- 
ment for global heat-balance studies. 

• For energy flux over oceans, the accuracy needed is about the same as that for ocean evaporation 
[^\ cm/month over a (500-km)-^ grid] , 

• The difference between ocean evaporation and precipitation is proportional to heat and salt flux at the 
surface (buoyancy flux), which are needed for ocean circulation modeling. It is especially important to 
have rain rate in heavy rain over short periods for the vertical mixing parameter. 

• Ocean precipitation must be measured reasonably well because it can affect the determination of ocean- 
wind stress. 

• Two-week averages over a (250-km)2 grid are useful for calculating soil moisture with models. 

• Compatibility of space precipitation measurements with NWS station data is desirable. 

• Strong interest was expressed in whether passive or active satellite rainfall estimates can be used to verify 
daily rainfall reports made by thousands of cooperauve observers throughout the United States, (and soon 
throughout the world) for AgRlSTARS. 

• Accumulated daily rainfall over land is now more important than intensity. 

• For climate analysis, diagnostics, and empirical prediction, mean precipitation is needed over the entire 
Earth (i.e., over land, weekly averages over (100-km)^ areas; over oceans, monthly averages over (200 to 
500-km)2 areas. 

• GCM modeling requires global precipitation data on a suitable grid (100 to 250 km)^ for model comparison 
and general circulation diagnostics. 

• For synoptic and mesoscale model initialization, precipitation rates are most important. In heavy rain, 
accuracies are less important; even 20 percent is useful. 

The results of the requirements investigation involving all known sources rather conclusively supports the 
position that space measurements can and indeed must be used to provide a large share of precipitation information. 
This is particularly true for global climate in connection with ocean areas and sparsely populated regions. 
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3. 


SAMPLING PROBLEMS 


3.1 INTRODUCTION 

Precipitation estimates from satellites are subject to a number of uncertainties involving design charactenstics^ 
satellite positioning, natural variability of precipitation, and the noncontinuous acquisition of data. The sources 
and sizes of these uncertainties are in need of proper evaluation and estimation. The present sampling and estima- 
theory seems to be adequate for some measurement problems (e.g., determining precipitation at a point), while 
others require further theoretical work (e.g., determining the time history of precipitation over large areas). 


3.2 RAINFALL ESTIMATION 

The measurement of precipitation presents us with sampling and estimation problems on many spatial and 
temporal scales. Even the adequacy of rain gages to measure ‘'point” rainfall merits consideration (e.g., Gertzman 
and Atlas, 1977). See Section 4, on “Ground Truth Measurement Systems.” 

Theory and observations indicate that the temporal rate of change of area-averaged rain rate depends upon the 
size of the averaging area (Crane, 1981 ; Rueck, 1981 ; Laughlin, 1981). Statistical analysis of small scale features in 
the precipitation field (cells) shows an average lifetime of the order of 15 minutes and an average areal extent of 5 km^ 
(Crane, 1981). The larger cell clusters of interest in fiash-fiood warnings have an average lifetime of the order of 1 hour 
and an areal extent of the order of 100 km ^ (Crane , 1981 ; Raschke and Ruprecht, 1981). GARP Atlantic tropical ex- 
periment (GATE) radar data have b^^en analyzed by numerous researchers (e.g., Arkin, 1978; Austin, 1978; Laughlin, 
1981 ; Lovejoy and Austin. 1980) to determine the statistical characteristics of meteorological phenomena over the 
tropical Atlantic. The correlation time for rain rate averaged over a region of (280 km)^ was of the order of 7 hours 
(Laughlin, 1981). 

Conversely, spatial variability of rain accumulation depends on the accumulation interval (Vogel, 1981). 
Mignogno et al. (1980) found significant variability of daily rainfall over distances smaller than 10 km. 

A diurnal component in rainfall rate has been identified over many areas. For example, Wallace (1975) de- 
scribed the component for rain gage stations over the continental United States. In some areas average rainfall was 
observed to vary by more than a factor of 2 during the day. Potential biases in rainfall estimates due to causes such 
as diurnal variation in rainfall need to be investigated and considered when formulating sampling strategies. (See 
Section 3.4.) 

Satellite observations have been used to obtain information about the larger scale characteristics of precipita- 
tion, from macroscale to global, and for time scales that range from months to years. For example, Rao et al. ( 1976) 
using Nimbus-ESMR-S data, show that global precipitation over the oceans is concentrated in the tropics, and at 
approximately 45^N. More regionally, Kilonsky et al. (1976) have examined precipitation patterns in the tropical 
Pacific using satellite visible (VIS) and infrared (IR) radiometry data. Their analysis indicates substantial interannual 
variability in rainfall: the average rainfall between latitudes 8° and 20°N increased significantly from May 1971 - 
April 1972 to May 1972 - April 1973. In addition, satellite data are used in investigations of smaller time and space 
scales as more information about rainfall characteristics is learned from the various estimation techniques (Section 5) 
that use high resolution satellite VIS and IR radiometry data. 

It is evident from even a cursory review of observational data and analyses that precipitation is a very complex 
phenomenon. Further meteorological and statistical research is needed to gaui a better understanding of ^obal pre- 
cipitation characteristics on all time and space scales, including vertical structure, if suitable sampling strategies for 
useful precipitation estimation are to be designed. Although substantial amounts of precipitation data are available 
over the United States from gage networks and radar, and some data arc available over the ocean (e.g., GATE), ob- 
servations are needed in other areas of the world for the various precipitation types and for all seasons. Additional 
data sets from cliir.atic regions identified by Crane ( 1981) might be used to make initial site selection for further 
evaluation. Radar observations should be obtained over dense rain gage networks. The rain gage data can be used to 
obtain temporal statistics for long records and to evaluate the use of radar as a secondary standard for the evaluation 
of precipitation estimated from space observations. The radar, in turn, can be used to obtain more detailed and accu- 
rate area statistics. 
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The possibility of using satellite measurements (such as GOES IR data) to provide proxy space-time correlation 
functions and information about possible diurnal variability, where ground-based observations may be unavailable, 
should be investigated. 

In addition, multivariate statistical data analysis techniques should be used for further examination of the de- 
tailed structure of precipitation. These techniques (e.g., Mosteller and Tukey, 1978) have already proved to be use- 
ful in analyzing precipitation data (Flucck, 1981). Rodgers et al. (1979) found discriminant analysis useful for de- 
lineating rainfall areas over land conditional on surface temperature. Other multivariate techniques such as principal 
components, multivariate estimation, and canonical correlation should also be useful in examining the statistical 
characteristics of precipitation. The end products of such research are plausible statistical models of precipitation in 
time and space with realistic stochastic components (Flueck, 1981). With these models in hand, more satisfactory 
sampling and estimation schemes can be developed. 


3.3 SATELLITE SYSTEMS 

The satellite systems that are currently used to estimate precipitation were not designed for that purpose. They 
are limited by their spatial and temporal resolution and by the portions of the electromagnetic spectrum that they can 
detect. Most satellite instruments have fields of view (FOV’s) ranging from 1 km to 50 km in diameter that provide 
spatial average ec^imates for regions significantly larger than the small-scale features of the precipitation field. Further- 
more, these averages are for “proxy” variables (e.g., cloud-top temperature) which are not always easily related to the 
variable of interest (e.g., rainfall rate). 

When the transfer function relating rain rate to the proxy variable is linear, estimates of peak rain rates require 
information about the spatial distribution of rain activity within the FOV (the “beam filling” problem), but estimates 
of average rain rate do not require this additional information. On the other hand, when the transfer function is non- 
linear, errors in the estimation of precipitation rate witliin the FOV depend (at least) on the number, intensity, verti- 
cal extent, phase (ice/water), and spatial organization of the unresolved subscale features. These features are not 
directly observable by current or planned satellite sensor systems. The size of the probable error in precipitation 
estimates due to missing information about subscale features can be inferred using statistical models based on ground- 
based data sources. A statistical bias can be corrected for, but an inherent uncertainty in the estimates will remain. 

This uncertainty wiU place limits on our ability to distinguish the changes in area-averaged rain rate from changes due 
to the effects of sampling. 

Estimation of precipitation rate by a spacebome sensor may be improved and uncertainty reduced by including 
information from other instruments such as microwave radiometers and VIS and IR sensors. Data at different wave- 
lengths or spatial resolutions, measurements from satellites with different orbital characteristics, soil-moisture estimates 
from satellites, and, when available, data from surface sensors may be combined in a multivanate adjustment scheme 
to provide the best possible estimates. Improvement is possible when the various sensors depend dif^ferently on the 
subscale features, so that each sensor provides addition^ information for use in the inversion process required for 
precipitation estimation. 

To better understand the advantages and limitations of the current techniques used to estimate rainfall rate 
and the proposed improvements of those techniques, a comparative field experiment should be conducted that is 
designed to yield unambiguous answers (Flueck, 1981). 


.3 .4 SAMPLING STRATEGY 

Each attempt at precipitation sampling and estimation should follow the dictates of proper experimentation 
(Flueck, 1981b). In particular, careful attention should be given to the matching of the observing strategy (i.e., the 
sample and measurement design) and the resolution and accuracy of the precipitation measurement desired. 

Given the objectives, the precipitation variables, and the desired precision, the sampling design usually focuses 
on the following: (1) how best to select the observations (usually by minimizing mean square error); (2) how fre- 
quently to sample; and (3) what estimator to use for the precipitation characteristic (parameter) of interest (Flueck, 
1981). Each of these components contain inherent problems that must be properly considered. 


V 


3-2 



Satellite sensors usually take “snapshots” of the FOV. The sampling problems associated with determining 
the instantaneous precipitation rate within the FOV of the sensor were described earlier. In selecung a satisfactory 
sampling strategy for a satellite system designed to estimate integrated quantities (e.g.» accumulated rainfall for flood 
warning, or mean precipitation rates for climate research) sampling problems of a different sort must be considered. 
The sampling strategy chosen depends on the type of data required of the system. For instance, to determine daily 
accumulated rainfall accurate to 10 percent may require hourly sampling times. Monthly average rainfall over an 
area 280 km in diameter determined with similar accuracy requires only twice-a-day sampling (Laughlin, 1981). 
Sampling theory provides an analytical tool for answering quantitatively the question of how accurate a given sam- 
pling strategy be, when the underlying statistics of the measured quantity are known. Laughlin (1981) gives an 
example of such a procedure applied to rainfall measurement in the GATE area. In general, as one relaxes the de- 
mand for high-spatial resolution, sampling frequency can be substantially reduced. Precipitation statistics m other 
areas and seasons should be obtained and a similar analysis repeated for them. 

Although sampling twice daily may prove to be sufficient in many areas, the possibility of bias due to a diurnal 
cycle in average rainfall must be considered. Unless such a bias can be convincin^y accounted for on a statistical 
basis, methods for inferring the amplitude and phase of the suspected cycle from auxiliary observations may have to 
be developed. Possibilities include the following: (1) use of cloud data from geosynchronous satellites as proxy evi- 
dence for diurnal variations; (2) for climatic purposes (e.g., 1 -month averages), design of an inclined orbit so as to 
obtain a different local sampling time each day; or, (3) least economical, use of multiple satellites with sun synchro- 
nous orbits sampling sufficiently frequently to measure the diurnal cycle directly. All of these approaches require 
further research and more data on diurnal variability to establish how much additional sampling is needed to monitor 
a diurnal effect. 

Maximum use of the two-dimensional spatial correlation of rainfall should be made to determine optimal spa- 
tial sampling patterns. Where correlation lengths are large, lower spatial density of observations is required. In the 
case of adaptive sensing schemes, such as proposed by Atlas ( 1981) where the sensor samples only at a selected num- 
ber of points, It is especially critical that the spatial autocorrelation pattern be estimated and used to design a 
sampling strategy which trades off observing time and accuracies. 

Although there are a number of estimators in the sampling literature that use auxiliary information (e.g., ratio 
and regression type estimators), it is likely that either improved versions of these estimators or new estunators will 
be needed for the satellite-based estimation of precipitation. In fact, it appears that satellite estimation of precipita- 
tion could have a major impact on the development of multivariate sampling theory. Finally, where analytical solu- 
tions are not readily forthcoming, computer simulation should be encouraged (Rueck, 198 1 ). 


3.5 RECOMMENDATIONS 

We have attempted to highlight the statistical sampling and estimation problems associated with designing a 
satellite system for measuring precipitation. Some of the statistical tools and precipitation data needed for design- 
ing an effective system are already available, but further work is required in a number of areas. Our recommenda- 
tions are as follows: 

• Conduct a field evaluation of the satellite techniques that are presently available for estimating precipitation 
with adequate ground truth. 

• Improve or further develop sampling theory and estimation methods for univariate and multivariate sto- 
chastic processes to support estimation of ground-level precipitation. 

• Pursue the characterization of precipitation over a wide range of weather and climate regimes and 
geographical locations. 

• Further develop understanding of sampling requirements, based on analysis of existing data and results 
from the field evaluation experiment, to provide the design criteria for the sampling strategy of a future 
global precipitation experiment. 

• Improve the “adjustment schemes” for handling subscalc precipitation processes. 

• Develop physical and stochastic models for simulating precipitation processes to be used in studies of 
sampling effects and in improving adjustment schemes. 
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4.1 INTRODUCTION 

Ground-truth measurements of precipitation and related weather events are an essential component of any 
satellite system designed for monitoring rainfall from space. Such measurements are required for testings evaluauon, 
and operations; they provide detailed information on the actual weather events, which can then be compared with 
satellite observations intended to provide both quantitative and qualitative information about them. Also, very com- 
prehensive ground-truth observations should lead to a better understanding of precipitation fields and their relation- 
ships to satellite data. This process serves two very important functions: (a) aiding in the development and interpre- 
tation of schemes of analyzing satellite data, and (b) providing a continuing method for verifying satellite measurements. 


4.2 SCOPE 
4.2.1 Coverage 

Several schemes are available for measuring rainfall ground truth. They range from single-site point measure- 
ments with rain gages of all types, to networks of gages, to radars operating alone or in combination with gages. Water- 
shed responses to rainfall may al;o be useful for this purpose. Although a number of rain-gage networks and radars 
are available, most existing systems are inadequate for most ground-truth needs. Hiis is particularly true over the 
oceans, where point measurements are often inaccurate, unavailable or inaccessible. 

Also, although important and extremely useful, the operation of sufficiently dense ram-gage networks on the 
continents is often sporadic and designed for other purposes. These assessments lead to two major conclusions re- 
garding the ground-truth system: 

• Oceanic coverage must be available. 

• A permanent continuously operating facility is required. 


4.2.2 Resolution 

The adequacy of any ground-truth system normally depends on the needs and applications envisioned for the 
satellite observations. However, because of attendant problems in the satellite systems used for rainfall measurements 
and the need to improve our understanding of how satellite observations relate to precipitation, a specialized ground- 
truth facility is required. This implies that: 

• The permanent facility must be capable of spatial and temporal resolutions that are better by a factor of If 
than are possible or contemplated with satellites. 

• Observations must include detailed information on related meteorological phenomena, and these must be 
available in three dimensions. 


4 2.3 Global Extent 

Geographical and seasonal differences in meteorology and climate response add another requirement to ground- 
truth observations. Thus, consideration must be given to occasional deployment of a ground-truth system in different 
selected regions of the world. Also, existing high-resolution rainfall monitoring systems should be used when possible 
for ground-truth data. This implies that: 

• A portable ground-truth observational system should be available for deployment at selected site locations 
throughout the world. 

• Existing ground -truth facilities should be identical and should be used when feasible. 

• Data accumulated during national or international observational field programs, such as in GATE, should be 
employed for ground-truth purposes. 
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4.2.4 Measurement of Rainfall 


The usual method of measuring rainfall is the collecting rain gages. The utility of arrays of such gages is well 
known and traditionally has provided the standard for comparison with other methods, such •'s radar. Other devices 
for point measurements are available, however, and may offer advantages over the standard ram gages. For example, 
the disdrometer gives fast-response rainfall rate estimates, as well as the measure of drop size distribution. Of all the 
available remote sensing methodologies, radar is the most useful and highly developed technique. Its advantages in- 
clude large spatial coverage, real-time, data processing, continuous monitoring, the possibility of oceanic coverage, 
and three-dimensional observations. Furthermore, the dual-polarization and dual-wavelength measurement schemes 
for measuring rainfall should lead to significant improvement in radar-derived estimates of rainfall rate compared with 
conventional Z-R relationship methods. This means that for the immediate future: 

• Rain gage networks must be used as the standard method for ground-truth observations of rainfall. 

• The advantages and potential of radar in monitoring the extent and amount of rainfall are of great value to 
any ground-truth system and must be incorporated. 


4.3 GROUND-TRUTH MEASUREMENT PARAMETERS AND TECHNIQUES 
4.3.1 Measurement Parameters 


At the Earth's surface, the most important parameter to be measured is the rain (or snow) intensity and :ts 
assoaated particle-size distribution. The interpretation of sateUite microwave (and IR) observations in terms of the 
radiative transfer equations requires that the ground-based truth measurements be extended to vertical profiles of 
air temperature and of liquid-water content, which could be derived from radiosonde data. Over the ocean, measure- 
ments of sea-surface temperature, sea state (including foam coverage) and wind speed at the sea surface are needed in 
addition to the requirements previously mentioned. 


4.3.2 Measurement Techniques 

A rain gage is the traditional instrument for measuring rain intensity and is normally included in the prototype 
standard meteorological station required both here and elsewhere. This standard station would include wind speed 
and direction, temperature, humidity, and pressure measurements and would provide data in a standard and conven- 
ient form. 

Doviak (1981) examined seve v methods for estimating rainfall with radar. Among these are differential reflec- 
tivity, dual-wavelength measurement of reflectivity only, measurement of reflectivity augmented with surface gages, 
and microwave absorption. Doviak concluded that no ^'perfect'* method exists for measuring high-resolution rainfall 
rate but that d’'^J-parameter methods appear to be most promising. 

Seliga (1981) presented results of the differential reflectivity technique whereby the reflectivity factor is meas- 
ured for horizontal and vertical polarizations. This dual-parameter measurement technique permits unambiguous 
measurement of rainfall if the drop size distribution is exponential (an assumption that is generally accepted) and if 
other influences such as canting and oscillation of raindrops are negligible. The results are quite persuasive. This 
technique is particularly attractive because, if implemented properly, the statistical uncertainty in instantaneous 
measurement is effectively eliminated. 

A conventional meteorological radar with a maximum range that exceeds 100 km should therefore be part of 
a network of stations or even be used alone for precipitation intensity measurements. The processing of the radar 
data should go beyond the conventional use the Z-R relation&iiip and include dual-wavelength, dual-polarization, 
three-dimensional data analysis, etc. New methodologies based on the availability of a Doppler radar used in a variable- 
azimuth-display (VAD) mode also offer promising ways to evaluate mean precipitation intensity over ( 100 to 500 km)-. 
However, this technique is only applicable to widespread precipitation systems. 

Two new instrument techniques were proposed for ground-based precipitation measurements, and their feasibility 
should be investigated. The first instniment is a low-power inexpensive CW Doppler radar used in a vertically pointing 



mode, essentially observing vertical velocity distribution of the particles, which can be related unambiguously to t^e 
drop size distribution and precipitation intensity. The second instrument, which measures rainfall over the water, 
senses the underwater noirr and noise spectrum produced by the ram falling on the water surface. Nystuen ( 1981 ) 
suggests that it is possible to measure rainfall rate on the surface of the ocean by **li$tening'* to the audio noise with 
a hydrophone below the surface Both the noise power and the spectral power density appear to be proportional to 
rain intensity, which indicates that the instrument can easily accommodate a wide range of precipitation intensity. 
The results are promising, indicating that a significant rain signal-to-background noise margin exists in wind speeds 
as great as 14 knots and that rainfall rates as small as 0.5 mrn/hr can be detected. Nystuen suggests that simple 
tethered buoys could be used to place hydrophones well below the surface, thereby obtaining a large catchment 
area. Measurements of the audio noise spectrum would be used to deduce the drop size distribution and rainfall rate. 
Although this technique is not proved and is in its early research stages, the urgent need for good surface measure- 
ments over the orean dictates that the method be pursued further. 

Land-based vertically pointing microwave radiometers should also be implemented at selected "'ground-truth** 
sites that operate on the same satellite frequency channels to provide climatological insight on data similar to those 
collected by the satellite. 


4.3.3 Platform or Geographical Locations 

It is highly desirable to assemble a land based sophisticated measuring system, including an up-to-date high- 
sensitivity radar with Doppler dual-wavelength, dual-polarization capabilities, and assisted by a network of wel!- 
imtrumented stations. This would provide for a thorough analysis of the satellite observations through their com- 
parison with this sophisticated ground-truth system It must be remembered, however, that the satellite will observe 
rain intensity over various pans of the globe, and geographical biases of weather or precipitation conditions should 
therefore be considered. 

These considerations arc parncularly crucial for satellite observations over the oceans, and it is recommended 
that full advantage be taken of any existing network or platforms for installing or deploying a measunng system 
specifically designed as a ground truth for satellite data. This includes commercial, research or naval vessels, instru- 
mented buoys, oil drilling ngs, commercial and military aircraft, etc. This concept may call for the design of a 
standard meteorologicai station that would include standard recording capability and that could either be installed 
temporarily aboard a moving platform or be part of a fixed network. The ground-truth data pro*vided by this station, 
in association with other existing instruments, would be used for companson with and interpretation of satelhte data 
collected at a location selected for its meteorological interest or representativeness 


4.4 RECOMMENDATIONS 

The recommendations of the Ground-Tnuh Working Group are based upon perceptions of the current deficiencies 
inherent in measurement of precipitation from space and repi:sent the results of discussions within die group The 
approach is comprehensive. However, the number of rccommcndauons na« been kept to a ninunum to focus on the 
most important needs; 

• The NEXRAD system, associated with the NWS network of surface measurements, offs ’s an unprecedented 
opportunity for obtaining s'^perb ground-truth measurcmenis over virtually the entire land mass of the 
United States and its offshore region, extending perhaps 20G km beyond the coast. It is recommended that 
dual-parameter measurements be made a part of each NEXRAD radar. Adding differential reflectivity 
measurements to NEXRAD should not result in a large incremental cost, bu* should provide substantial 
benefits in improved precipitation measurements. 

• Those engaged in evaluating and usmg satellite measurements of precipitiuon must plan to make better use 
of the comprehensive higli resolution arrays of instruments that will be deployed in a variety of mesoscaie 
field research programs to conducted in the coming decade. CCOPE. SESAME. SC'PP. CDMP, a national 
winter cyclone study, TRIP, and others offer unique opportunities for complete three-dimensional atmos- 
pheric and surface measurements. The users of satellite data should concentnte much of their effort on 
aiialyzing data collected during these field experiments and should include their objectives wi^hun the 
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framework of the program planning documents. This will ensure that the observational networks are de- 
signed to meet the ground-truth needs for satellite observations. 

• The equivalent of a national standards laborator>^ for evaluating precipitation estimation techniques is 
needed. Such a laboratory would make use of the best in situ and remote -sensing instruments available and 
would provide accurate three-dimensional measurements of precipitation and clouds during all seasons, over 
land and water, with resolution at least one order of magnitude better than that expected from spacebome 
measurements. It Is recommended that Wallops Island be considered for this laboratory because of its loca- 
tion and its sophisticated radar facilities capable of very high resolution observations. 

• The development of promising new techniques for ground-truth measurements should be encouraged and 
vjpported. Microwave attenuation and simple vertically pointing GV Doppler radar should be considered as 
dltematives to conventional gages. Doppler radar measurements that penetrate ov\y tens of meters above 
the surface would be uncontaminated by vertical air motion and would permit complete description of the 
drop size distribution. Because single-pulsed Doppler radar techniques can provide accurate measurements 
of precipitation in stratiform rain and in snow, they should be considered as well. 

• Ground-truth surface “benchmark” measurements over the ocean, where a substantial fraction of the global 
rainfall occurs, are essential. The feasibility of hydrophone monitoring of ocean rainfall, as proposed by 
Nystuen (1981), should be investigated. Sliips of opportunity with improved rain gages and possibly peri- 
odic recordings (approximately 15-minute intervals) of ship-surface radar returns should be useo. 

• Despite the many opportunities that exist for evaluation and testing in the United States, many important 
typical weather systems occur in other parts of the world. It is therefore recommended that a transportable 
“transfer standard” precipitation measurement system be developed. This system would consist of a radar, 
other remote sensors, instrumented buoys, and surface stations. Most, if not all, of these sensors would be 
capable of communicating by satellites to a U5. or field-based ground station. Data-collection platforms - 
simple, reliable, rugged, and inexpensive - that can be moved and deployed around the globe, on land, or 
on ships should be developed. An instrumented aircraft with upward, downward, and side-view windows 
should be consideied as part of this network to permit comprehensive atmospheric truth for evaluation of 
satellite techniques in locations around the globe. 

The foregoing recommendations encourage the essential ingredients needed for ground truth. Their implementa- 
tion will fill the serious gaps that now exist in accurate and reliable atmospheric truth data sets and will ensure that 
satellite data collected in the future will be used more effectively for precipitation and weather and cUmate monitoring. 
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VISIBLE (VIS) AND INFRARED (IR) TECHNIQUES 
5,1 SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS 


A number of techniques for inferring precipitation information from satellite VIS and/or IR cloud data have 
been developed during the past 10 years. The methods divide into two general classes. Indexing techniques, which 
are not time-dependent, attempt to identify rain clouds and count their occurrence or measure the area of rain. Life 
history methods measure rate of change parameters of individual convective clouds or clusters of convective clouds 
m addition to other characteristics. Both techniques calculate rainfall by means of statistical coefficients based on 
earlier cloud/rain comparisons. 

On the scale of climate (250 km and larger, one month and longer), simple indexing schemes (e.g., Hawaii 
method) give useful results over tropical oceans. Except where diurnal cycles may be large in predominantly con- 
vective rainfall, the more complicated life history techniques are not liCeded for this application. Over remote or 
unsettled land areas, indexing schemes have demonstrated skill in estimating rainfall if they are carefully tuned to 
local conditions. Serious problems arise when techniques (including life history) are transferred from one climato- 
logicai regime to another and from one storm type to another. No technique has demonstrated skill over midlatitude 
oceans and polar regions. 

On the scale of weather (hours to days, tens to hundreds of kilometers) gages and radars may not be adequate 
even in settled land areas. There bispectral techniques (e.g,, Montreal method) can provide a useful depiction of rain 
area. Indexing techniques are used almost daily for assessing crop conditions. Although life-history techniques now 
apply only to convective rains, they have demonstrated skill both in locating rain in stronger storms and in indicating 
at least major categories of intensity. This capability ha led to the use of the National Earth Satellite Service (NESS) 
technique in flash-flood forecasting. 

The initial objective in attempting to meet even the most basic set of requirements for global rainfall climate 
statistics with a current and near -historical satellite data base should be to produce estimates of monthly mean rain- 
fall over the oceans and remote lands. Therefore, we recommend that existing indexing techniques be applied as they 
have been over the tropical oceans; that new indexing techniques be developed, tested, and applied over the midlati- 
tude oceans; and that present indexing techniques be extended to remaining remote lands. 

The long-term objective in attempting to meet needs for rainfall climate statistics should be to produce uniform 
estimates of global monthly rainfall. To accomplish this, we recommend support for efforts to devise a global tech- 
nique, This could be a pure VIS/IR indexing technique or (more likely), one that includes active or passive satellite 
microwave observations to calibrate the cloud statistics available (usually more frequently) from VIS/IR data. For 
the benefit of all techniques, we recommend support for research aimed at a better understanding of the relationship 
of precipitation processes to cloud brightne's and temperature and changes of these in time; that experiments for 
systematically comparing competing techniques be conducted; and that adequate gage and calibrated radar ground- 
truth systems be established for one or two tropical and midlatitude ocean areas. 


5.2 SATELLITE DATA SOURCES 

For climatic studies, the best record of satellite data is the series of ESSA/NOAA mercator and polar stero- 
graphic mosaics. Except for a 9-month period in 1978, these continue back to 1971 and are available from Environ- 
mental Data and Information Service (EDIS), NOAA. A few collections (e.g., that of the Space Science and Engi- 
neering Center, University of Wisconsin-Madison) extend (in VIS imagery only) back to 1966). 

A second noteworthy series from low-orbiting satellites is the EDIS archive of digital VIS/IR data. Except for 
the 1978 hiatus, this record extends back to 1972 

Of much potential value are the three-dimensional nephanalyses produced by the U. S. Air Force (USAF) 
Global Weather Central automated cloud-analysis model. These cloud analyses have been archived on magnetic 
tape since 1971 for the Northern Hemisphere (since 1974 for the globe) by the USAF Environmental Technical 
Applications Center (ETAC) and are available from the World Data Center-A, Asheville, North Carolina. 
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Several agencies maintain archives of digital data from geostationary satellites. The Japan Meteorological 
Agency Meteorological Satellite Center has a 2-year archive of data from the Geostationary Meteorological Satellite 
(Himawari), which was launched in 1977. Digital data for the period November 30, 1978, through November 30, 
1979, also are archived at the University of Wisconsin. Meteosat data for the period between satellite launch in 
November 1977 and failure 2 years later are archived by the European Space Agency's Space Operations Centre 
although the Centre is not presently providing data services. Archives for the Geostationary Operational Environ- 
mental Satellite (GOES) series are maintained by EDIS, NASA/Goddard Space Flight Center (GSFC), Colorado 
State University, and the University of Wisconsin-Madison. The archive at Wisconsin includes both East and West 
satellites, beginning in February 1978 (with some breaks before November 1978) and November 1979, respectively. 
The Indian Ocean GOES is archived at Wisconsin for 1 year, beginning in November 1978. Of special interest are the 
archives of data from Synchronous Meteorological Satellite-1 (SMS-1) covering the 1974 Global Atmospheric Research 
Program Atlantic Tropical Experiment, which are maintained as complete archives at both GSFC and at Wisconsin and 
as a compacted archive at World Data Center-A, Asheville, North Carolina. 


5.3 SUMMARY OF TECHNIQUES 

This section summarizes in concise, functional form the major schemes that use VIS/IR satellite data to derive 
estimates of rainfall. The schemes generally are of the form: 

R = a^+f(I,AI,ai,A(l^),AA/At,...) 

where 

R = rainfall 

I = intensity parameter (temperature, brightness) 

A = area 

= variance 

They can often be expressed as some form of the relation; 

N 

R = aotgJ^a.fj 
i=l 

where g is derived from other sources, a- are constant coefficients, and f^ are independent variables. 

5.3.1 Time-Independent Indexing Schemes 

5.3.1 .1 Montreal/McGill (Bellon et al., 1980) -To serve the objective of precipitarion forecasting, this method ex- 
tends statistical relations between VIS/IR data and radar echo area over 10^ km^ to larger regions. 

The functional form is; 

Ry-ajA 

where 

Ry » volumetric rainrate 
» clinratological rainrate 

A = derived rain area when brightness B > 8^(1) and temperature T < 1^(8) 

This scheme is automated. 
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5.3. 1.2 CEDDA (Arkin, 1979) - This scheme describes the relationship between 6h averages of fractional cloud cover 
at various IR thresholds and accumulated rainfall derived from GATE C«band radars. 

The functional form is: 


[R1 =ajA/Q 

where 


A = area of cloud above 10 km 

Q = area of a ppi scan over which A is measured 10^ km^) 

The brackets indicate an area average, and the overbar indicates a time average. 

5.3.1 .3 Hawaii (Kilonsky and Ramage, 1976 ) -This technique produces rainfall estimates over large areas and time 
periods by relating the incidence of highly reflective cloud (HRC) on daily satellite mosaics to coral island station 
rainfall. 

The functional form is: 


R = a + a* N 

where 

R: • = mean monthly rainfall at point (i j) 

N = number of days/month with HRC at point (i j) 

5.3.1 .4 NESS/CEAS (Follansbee, 1973) - This scheme is designed for estimating rains over catchments using once- 
daily direct-readout visible pictures. For each of three main rain-producing cloud types, the ratio of cloud to total 
area is multiplied by a constant coefficient. The daily area average rainrate is then given by: 

3 

(RJ = l/Q^^a; Ai 
i=l 

where Q is the area of the catchment. Follansbee and Oliver (1975) have modified this technique to accept both 
VIS and IR pictures. D. LeCompte (CEAS, NOAA) uses a slightly refined version of this technique with twice^laily 
low^orbiter pictures to monitor drought conditions in poorer countries of the tropics. 

5 J.1 .5 Bristol (Barrett, 1981) - This Bristol method evaluates a satellite-viewed cloud in terms of area and type, in- 
cludes pge rainfall, and adjusts coefficients by morphoclimatic weighting. 

The functional form is: 



a- c- 


where c^ is the fractional cloud cover of type i, as determined by VIS or IR images or both. 

5.3.1 .6 NESS (Follansbee, 1976) - This technique concentrates on precipitation from synoptic rain systems of higher 
latitudes, it uses ainplc Interpolation to estimate the positions of these systems between twice-daily VIS/IR satellite 
views and the length of time a system will bring precipitation to a station on the ground. 
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Pl/2 = 0.09 t^j2 E(T*3o) 

where 


r = fraction of the estimation period that a point is covered by precipitating clouds 
E(P) = climatic normal precipitation for the point 


Subscripts are periods in days. 

5. 3. 1.7 Cropcast (Merritt, 1976) - This model provides daily estimates of precipitation for agricultural use on a 54- 
km-grid scale, using ground observations complemented by satellite VIS/1 R analysis and nephanalysis; 


where 



(0C,Bj 


D(r) 


[P] = area averaged precipitation 

a, A = coefficients based on time of day 

b, B = cloud type 

c, C = fractional cloud cover 

D = growth/decay factor (synoptic or cloud) 
T - synoptic or cloud related condition 


Indices i and j represent cloud temperature and cloud type» respectively. 

5.3.1 .8 MESS (Whitney and Hennan, 1979) - This scheme produces estimates of convective rainfall by a statistical 
model obtained through screening regression. The estimates are intended to be 6-hour, area-averaged rainfall for 
rivcrflow purposes. Among the 28 satellite and conventional variables tested are IR temperature and its various 
directional components and Laplacian, low-level moisture, equivalent potential temperature, moisture advection, 
and terrain. 


The functional form is: 


R= + aj X + a-^Y + a^Z + . . . 

where X, Y, and Z identify selected variables (which rarely exceed 3 or 4 in number). Statistical stability has not 
been realized from time to time or area to area even in the same situation. 


5.3.2 Time-Dependent Life-History Techniques 

5.3 .2.1 Wisconsin (Stout et ai., 1979) - This technique relates volumetric rain rate to cumulonimbus cloud area and 
areal change for estimation of tropical oceanic convective rainfall. 

The functional form is; 


R^*a^ A +a2 AA/At 


54 


1 


^ • J 


9 
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where 

A = cloud area defined by B > (or T < T^) 
t = time (typically 30 min) 

VIS or IR images may be used. 

In a modification to Stout et al. (Wylie, 1971), the areal change term is dropped, and a cloud model is intro- 
duced to account for different cloud environments. 

The functional form is: 

Ry = m 3j A 

wheie m is the ratio (Montreal/GATE) derived from environmental soundings input to a one-dimensional cloud model. 

5.3 .2.2 ERL (Griffith et ai., 1981) - This technique, derived in Florida for convective rainfall, uses cloud-top tem- 
perature structure and cloud areal expansion to produce rain estimates that may be adjusted for environmental con- 
ditions by one-dimensional model output. 

The functional form is: 

R„ = a(t) • b(T) • Aj and = c(t, • A 

where 

a(t), c(t) = growth or decay coefficients 

b(T) = coefficient for apportionment of rain by cloud-top temperature structure 
A^ = equivalent echo area 

A^ax * maximum (satellite) cloud area 

This scheme is automated and uses IR data. 

5. 3-2.3 NESS (Scofield and Oliver, 1977) - This operationally oriented scheme uses a decision-tree technique based 
on commonly observed satellite-radar characteristics of thunderstorms to produce rain estimates in ncar-reaJ time 
specifically for fiash-flood storms. 

The functional form is: 

R = [aj (T AA/At) + 32 (tower) + 2 l ^ (merger) + (duration)] • a^ (AW) 

where 

AA/At = expansion of coldest contour in the enhanced IR images 
T = cloud-top temperature 

AW = departure of prccipitable water from a summerLmc normal 

Other parameters relate to the occurrence of overshooting tops, merging cells or lines, and the pereistcncc of the 
storm. These may be deduced from VIS as well as IR data. 
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S.3.2.4 N/>SA/GLAS (Negri and Adler, 1981) - Although it is more a case study than a technique, this approach 
demonstrates several relationships between the cloud-top ascent rate and minimum blackbody temperature of satellite- 
viewed storms to radar measured rain rates and area. 

The functional form is: 


Rv = f(^T/At,TM,N.r) 

where 


AT I At = cloud-top ascent rate observed in 5-minute interval infrared 

Tmin “ minimum blackbody temperature achieved by the storm 

r = parameter which identifies active convective storms in the satellite data 


5.4 APPLICATIONS 

VIS and IR techniques are being used to estimate precipitation in support of climatology, agnculture, hydrology, 
flash-flood forecasting, and weather modification experiments. Several of these techniques are used in real time or 
near-real time. For example, the Bristol technique is employed by meteorologists in North Africa to help locate locust 
breeding areas. The Earth Satellite Corporation and the Center for Environmental Assessment Service of NOAA’s 
Environmental Data and Information Service (EDIS/CEAS) compute estimates of rainfall for crop forecasting and 
drought relief, respectively, NOAA’s Environmental Research Laboratories (ERL) estimate rainfall from landfalling 
huiricanes. Rainfall estimates from NESS’s technique are used by Weather Service Forecast Offices and River Fore- 
cast Centers to help in evaluating flood potential and in issuing flash-flood warnings. McGill University uses its tech- 
nique as an aid for forecasting precipitation in the Southern Canadian Provinces. 

These techniques, and others not necessarily used in real time, are hsted here according to the particular appli- 
cation or applications for which each was devised, together with the principal investigators involved: 

• Rainfall climatology, water resource, and streamflow 

- Cloud indexing modified for different environments - E. Barrett (University of Bristol, U. K.) 

- Cloud indexing (highly reflective cloud) - B. J. Kilonsky and C. S. Ramage (University of Hawaii) 

- Cloud indexing (cold cloud) - P. Arkin (Climate Analysis Center, NWS/^OAA) 

- Life history modified for different environments - C. Griffith and W. Woodley (NOAA/ERL) 

- Life history modified tor dry environments - R. Scofield and V. Oliver (NOAA/NESS) 

- Statistical association of rainfall with satellite and synoptic variables - L. Whitney and L. Herman 
(NOAA/NESS) 

• Crop survey and forecasting, locust control, and drought assessment 

- Cloud indexing modified for different environments - E. Barrett (University of Bristol, U. K.) 

- Cloud indexing - W, Follansbee and V. Oliver (NOAA/NESS) 

- Cloud indexing - E. Merritt (Earth Satellite Corporation) 

- Cloud indexing - D, LeComte (NOAA/EDIS/CEAS) 

• Mesoscale analysis of precipitation and flood forecasting 

- Life history modified for dry environments - R. Scofield and V, Oliver (NOAA/NESS) 

- Life history modified for different environments - C. Griffith and W. Woodley (NOAA/ERL) 

- Cloud indexing with cloud model - D. Wylie (University of Wisconsin) 

- Life history - D. Martin, D. Sikdar, and J. Stout (University of Wisconsin) 

- Rapid-scan life history - R. Adler and A. Negri (NASA) 


5-6 


• Precipitation Forecasting 

Bispectral with radar - S. Lovcjoy and G. Austin (McGiil University) 

- Life history (hurricanes) - C. Griffith and W. Woodley (NOAA/ERL) 

• Effects of Weather Modifications 

- Life history modified for different environments - C. Griffith and W. Woodley (NOAA/ERL) 

5.5 ASSESSMENT OF TECHNIQUES 

Pinpointing strengths and weaknesses of techniques was one of the most difficult and controversial parts of our 
deliberation, partly because there seemed to be at least one exception to ahnost every generalization. Nonetheless, 
we believe that VIS/IR techniques hold an advantage over other techniques ui that: 

• These techniques have a considerable history of scientific and practical experience 

• Tlie satellite data sets are global in coverage and are readily available 

• Current techniques are applicable to most climatic regions except for the poles 

• They have demonstrated capability over a considerable range of time and space scales 

• They can be used with real-time, quick-look satellite data 

• Most are designed to take advanta'^^ of the interpretive skill of the analyst 

• They are inexpensive by-pr^ i of existing satellite systems 

They arc at a disadvantage compared with other techniques in that: 

• Information on precipitation must be inferred from characteristics of the clouds because VIS and IR sensors 
“see” clouds, not the precipitation that may be embedded within them. 

Geos>'nch;onous tec' niques arc not applicable in high latitudes, low-orbit techniques have poor time resolu- 
tion, and IR data ailable only for nighttime. 

• 'Fhe accuracy of these tcduiiques is not adequately specified. 

• They arc not readily transferiable to different areas, 

• Life-his^‘^ry techniques are designed for convective ram estimation only. 

Our general conclusion in the light of these advantages and disadvantages is that no present single VIS/IR tech- 
nique can perform adequately for climatic purposes in all regions all of the time. However, no concerted effort has 
been made to establish . :h a technique. 

5.6 IMPROVEMENTS 

Improvements to the VIS/IR techniques follow from the foregoing limitations, although other factors enter as 
well. In terms of methodology, improvements arc likely if, for each technique, the researcher: 

• Expresses functional relationships in concise mathematical form 

• Explains the underlying physical basis and points out the aspects that are not well-understood 

• Specifies at least the mean square error 

• Gives the range of the independent variables used for deriving the coefficients 

• Evaluates the significance of each term or factor 

• Gives an account of data processing in sufficient detail to permit repeatable testing by other scientists 

• Automates the simple routine measurements. 
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In addition, the accuracy of all techniques depends on stable performance of satellite sensors, a dynamic range 
sufficient to resolve the range of contrasts implicit in bnght, cold clouds viewed against dark, warm land or water sur< 
faces, a field of view sufficient for resolving all significant precipitation systems, and sampling sufficient for resolving 
diurnal variations of precipitation. All techniques depend critically on the accuracy of pixel location. 


5.7 RECOMMENDATIONS 

• Continue to support efforts for producing climatologically useful estimates of rainfall over tropical oceans 
by simple indexing schemes. 

• By rigorous statistical methods, test, evaluate and, when appropriate, compare current and proposed VIS 
and IR techniques. This might be done in a series of land and sea satellite precipitation ground-truth 
experiments. 

• Develop and test simulated hybrid (active or passive VIS/IR/microwave) techniques that could be used 
over water and/or land. 

• Increase resolution in the global digital archive to 1 to 2 km. Increase the effective coverage of low-orbiting 
satellites to at least four observations per day. 

• Test the viability of inferring global rainfall for climatic purposes from one VIS/IR technique or a small set 
of VIS/IR techniques. 

• Continue efforts for producing estimates of rainfall in support of flash-flood forecasting and for verifying 
and automating the present NESS technique. Such estimates, however, should be used with caution until 
further evaluated and then only to specify broad classes of rain rates or amounts. 

• Continue efforts for developing, testing, and improving techniques of use in forecasting crop yields. 

• Support research into convective precipitation processes and their relation to cloud-top observations for 
understanding the basis for statistical relations and as a basis for better applying VIS/IR techniques on 
shorter (1-h) time scales. 

• Increase IR resolution on future geosynchronous satellites to ^1 kr.i; increase VIS brightness resolution to 
8 bits. 

• Establish and maintain accurate absolute calibrations on all VIS and IR sensors, and record these with the 
data. 

• Improve location accuracy to 2 km (absolute). Store location information with the data. 

• Process data uniformly over long periods, especially in regard to navigation and photo reproduction. 

• Maintain adequate ground-truth systems, including calibrated digital radar, and archive the data collected 
by these systems. 

• Explore the feasibility of estimating global precipitation as part of the International Satellite Cloud 
Gimatology Project. 
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6.1 INTRODUCTION 

One objective of the workshop was to define a system for measuring global precipitation with an accuracy and 
resolution consistent with a wide variety of potential applications. To accomplish this, it was first necessary to identify 
the most promising measurement techniques and strategies and to understand those candidate systems in detail. The 
emphasis of this working group was on passive microwave remote-sensing techniques. To that end, this section: (1) 
provides a brief background in passive microwave and hybrid techniques for measuring precipitation, (2) discusses key 
problem areas and strategies for dealing with those problems, (3) proposes a precipitation measurement system, and 
(4) summarizes specific recommendations. 


6.2 BACKGROUND 
6-2.1 T heory 

Because of the validity of the Rayleigh-Jeans approximation in the microwave region, the law of radiative trans- 
fer may be expressed simply as: 


dTg 

IT-(Tb-o) <■) 

where TB is the microwave radiance expressed as an equivalent blackbody temperature, a is the absorption coefficient 
at the point x, and to is the thermodynamic temperature of the medium at that point. The derivative is along the 
direction of propagation. Note that a is only the attenuation attributable to loss mechanisms; scattenng and reflec- 
tion must be accounted for by appropriate redistribution of radiation among the directions of propagation. 

Figure 2 shows a typical Earth*viewing geometry to calculate the brightness temperature expected for such a 
situation, one first divides the atmosphere into a number of layers, each of wkjh may be characterized by a uniform 
temperature and absorption coefficient. Beginning with the 3-K cosmic background, radiation is propapted from the 
top downwards through each layer according to equation 1 . A fraction, r(the reflectivity of the radiation reaching 
the earth), is reflected from the surface. The surface also radiates an amount, eTs, where e (the emissivity) is a quantity 
characteristic of the surface, and Ts is the thermodynamic temperature of the surface. Arguments based on thermo- 
dynamic equilibrium show that e and r are related by: 


€ + r= 1 


Since water is a polar molecule, it has a very large dielectric constant ai microwave frequencies. This results in 
a large reflectivity (low emissivity) for a liquid-water surface such as the ocean. 


For present purposes, the atmosphere consists of three constituents: molecular oxygen, water vapor, and liquid- 
water droplets. Ice, as in cirrus clouds, is not a significant factor at frequencies below 40 GHz. Molecular oxygen has 
a senes of resonances in the 50- to 70-GHz range that merge at sca-lcvcl pressure to form a band of absorption that 
makes quantitative determination of surface properties difficult or impossible between 40 to 80 GHz. Water vapor 
has a rather weak resonance at 22.235 GHz and a sequence of very strong lines at 183 GHz and higher. The tails of 
these lines cause the absorption attributable to water vapor to increase with frequency above 3 1 GHz (at sea-level 
pressure). 


Two cases must be considered for water droplets: raining and nonraining. In the nonraining case, the small 
droplet (Rayleigh) limit is applicable (Gunn and East, 1954). The net absorption coefficient is then proportional to 
the density of liquid water and is independent of the droplet-size distribution (as long as no particles are larger than 
1(X) m). A typical stratus cloud containing 20 mg cm*^ of liquid water would have an optical depth of about 10*^ 
at 5 GHz. The optical depth increases approximately as the square of the frequency. 


6-1 


MICROWAVE 

RADIOMETER 


ORIGINAL PAC-r. K 
OF POOR QUALITY 



R.T„ 

Figure 2. Typical Viewing Geometry for Microwave Remote-Sensing 
of Ocean Surface and Atmosphere 


As larger and larger drops are considered, the absorption coefficients at first increases over the Rayleigh approx- 
imation as the drop size becomes comparable to the wavelength and then decreases below the Rayleigh approximation 
because of .he screening of the interior of the drop. Because a rain cloud contains more water and larger drops than a 
nonraining cloud, it has a greatly enhanced microwave absorption. Also, as the drop size increases, scattering becomes 
significant. 


6.2.2 Previous Microwave Work 


Figure 3 shows the total extinction (scattering plus absorption) and the scattering coefficients calculated for a 
frequency of 19.35 GHz as a function of rainfall rate for a Mar^all-Palmer drop size distribution (Wilheit et al., 1977). 
At rainfall rates greater than a few mm hr“^ , the scattering becomes significant, greatly complicating the transfer 
computations. Wilheit et al., (1977) discusses a method for handling higher rainfall rates by using a radiative transfer 
model. The model relates brightness temperature (Tg) measured at 19.35 GHz as a function of rain rate for a 4-km 
freezing level over an ocean background. Figure 4 shows the model results as a solid line. As a model validation ex- 
periment, simultaneous measurements of rain rate observed by the WSR-57 meteorological radar at Miami, Florida, 
and ESMR-5 Tg were used. These data are plotted as dots in Figure 4. In addition, ground-based data consisting of 
measurements from an up-looking radiometer (also measuring 19.35 GHz) and two rain-rate gages are plotted as 
crosses in Figure 4. It is seen that the majority of the confirmation points lie between the dashed curves, which 
represent an envelope of a factor of 2 in rainfall rate, or 2 mm hr*^ , whichever is greater, about the solid line. 

Although this model contains uncertainties, it agrees with both the space- and ground-based data. The relationship 
between brightness temperature and rain rates depends on the thickness of the rain layer, which is taken to extend 
from the surface to the freezing level. A freezing level of 4 km provided a good approximation for both validation 
experiments. (See Figure 5.) 


This technique of measuring rainfall intensity from ESMR-5 data was used to produce weekly, monthly, sea- 
sonally, and annually averaged rainfall maps for the world’s major ocean areas for the period from Ciecember 1972 
through February 1975. When the freezing level was 3 km or greater, the use of a climatological freezing level yielded 
reasonable results, but the results were not realistic for colder atmospheres. An ad hoc correction was therefore ap- 
plied by using a freezing level of 3 km for climatologically colder atmospheres. 
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Figure 3. Scattering and Extinction (Absorption plus Scattering) by 
Rain at 18.35 GHz (the solid and dashed lines represent temperatures 
of 20° and 0°C, respectively) 


The ESMR-5 technique for measuring rain rate has also been used to monitor latent heat release in tropical 
cyclones (Rodgers and Adler, 1981). It was found that ESMR-5 measurements could be used to monitor storm- 
intensity changes. Black et al.,(1981 unpublished manuscript) developed a similar technique, using much lower fre- 
quencies (4 to 6 GHz), which may be applicable for airborne use in intense rain over the oceans. 

Meneely (1975) demonstrated that rainfall rate and coverage cannot be delineated by using ESMR-5 measure- 
ments (19.35 GHz) over land areas because rain has only a weak effect on the upwelling T 5 from the land. The 
effect is comparable to that of soil moisture. Thus, although rain-like patterns can be discerned in the data, they 
agree with both active rain areas and areas with moist soil. 

However, Savage and Weinman (1975) and Savage et al. (1975) demonstrated that, at 37.0 GHz (i.e., the fre- 
quency at which the ESMR -6 measures upwelling radiance), the scattering by hydrometeors is strong enough to pro- 
vide a qualitative estimate of rain coverage over land. Furthermore, Weinman and Guetter (1977) demonstrated 
from theoretical considerations that the upwelling radiation at 37.0 GH;' emerging from rain clouds is essentially 
unpolatized and therefore contrasts with the radiation emanating from wet-surface background. (According to the 
electromagnetic theory, the addition of moisture to a surface reduces the emissivity by increasing its dielectric con- 
stant. The emissivity will then be highly polarized when the surface is viewed obliquely.) These results are demon- 
strated in Figure 5 which ,.isplay$ theoretically calculated bipolarized 37.0 GHz Tg at a 50 degree incidence angle 
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Figure 4. Brightness Temperature at 19.35 GHz as a Function 
of Rainfall Rate Over the Ocean 



Figure S. Computed Horizontally and Vertically Polarized Brightness 
Temperature at 37.0 GHz as a Function of Rain Rate 
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with the Earth's surface for a given rain rate. These T 5 *s were derived from a radiative transfer model with Lamber- 
tian reflection (Bom and Wolf, 1975) from land surfaces at a thermodynamic temperature of 299 K and with a fixed 
dielectric constant and an atmospheric freezing level at 4 km (Wilheit et al., 1977). Figure 5 shows that, as rain rate 
increases (beyond 4 mm h"*^), Tg decreases because of strong backscattering by the large raindrops. Also, the polar- 
ization difference becomes smaller. Moreover, Hall et al. (1978) inferred theoretically that information analogous to 
that provided by the NWS radar summary charts can be produced when both the ESMR and the temperature humid- 
ity infrared radiometer (THIR) 1 1 .5 M TR channel on board Nimbus 6 are used. 

Thus, the sum and substance of these theoretical investigations is that the obliquely viewed 37-GHz radiation 
emitted by wet-soil surfaces is polarized (Ty > Tp^), whereas radiation emanating from dry land or heavy rainfall 
areas is essentially unpolarized (Ty ^ Tp|). Moreover, Tg’s upwelling from dry -land areas are distinguishably higher 
than, those from heavy rainfall areas or wet land surfaces. Hence, according to these theoretical conclusions, rainfall 
over land can be at least qualitatively delineated, and its coverage and movement can therefore be monitored ine- 
spective of the land background by employing 37-GHz measurements from the ESMR on board Nimbus 6. 

Rodgers et al. (1979) analyzed several cases by using the dual-polarized 37-GHz data from ESMR-6 and statisti- 
cal classification techniques. They found that the data could be classified into rain, dr>' ground, and wet ground, but 
with substantial misclassification. If the surface temperature was lower than as would be the case with dew 
present, the technique broke down altogether. The use of infrared (IR) data to determine the presence of a cold 
cloud improved the performance. (At the workshop, Weinman presented data that suggested that quantitative rain 
measurements over land may be possible by using 37 GHz with IR observations.) 

Observations from aircraft platforms have shown that, at frequencies near and above 90 GHz, the ice associ- 
ated with convective rainfall scatters microwave radiation, resulting in brightness temperatures much lower than 
land or ocean backgrounds. Therefore, areas of active convection over land could be delineated by using these higher 
frequencies. 

Measurements of surface soil moisture can be used as a surrogate detector of recent precipitation because, for 
most land surfaces, rainfall is the only mechanism for increasing surface soil moisture. The microwave emissivity of 
the surface soil ranges from 0.95 for dry soils to less than 0.7 for wet soils. This produces a Tj^ range of 80 K or 
more. This dynamic range has been observed by microwave radiometers operating from towers, aircraft, and space- 
craft platforms. Vegetation will increase the emissivity of wet surfaces with the increase being a function of biomass 
and wavelength. For example, at a wavelength of 21 cm, a 2-m com crop wiU decrease the dynamic range to about 
40 K or less, whereas, at the 1 .55-cm wavelength, pasture grass will obscure the signal from the soil. 

In spite of this vegetation effect, strong correlations have been obtained between satellite observations at these 
two wavelengths and an antecedent precipitation index (API). Data from the 21-cm S-194 radiometer on Skylab ob- 
tained over the central United States has shown a strong correlation with API. For a pair of passes over the same 
track 5 days apart in June 1973, there was a 30- to 50-K increase in Tg as the soil dried following heavy rains in 
early June, An analysis of a set of five passes yielded an r^ = 0.7 between Tg and API for the Great Plains regions 
of the United States, where a is the correlation coefficient. Analysis of 2 years of ESMR-5 data for the southern 
Great Plains has also shown high correlation with API under suitable conditions. The best correlations were obtained 
for the areas where a large part of the area was devoted to the production of winter wheat during the early spring and 
fall. These areas, which are relatively flat, have limited vegetative cover during these periods. Areas with more rugged 
terrain or more vegetative cover show a poor correlation between Tg and API. These results indicate that spacebome 
radiometers can respond to surface-moisture changes and can be related semiquantitatively to the antecedent 
precipitation. 

Based on the foregoing results and on modeling, the U.S. Department of Defense is building a multifrequency 
microwave imrger called the SSMI for the Defense Meteorological Satellite Program (DMSP), (Savage, 1981). This 
sensor will measure radiation at 19.35. 22.235, 37, and 85 GHz with resolutions ranging from 50 km at 19.35 GHz 
to 12.5 km at 85 GHz. The first flight of this instrument is planned for 1984. 

An instrument that was planned for the now-cancelled National Oceanic Satellite System (NOSS), the large- 
antenna multifrcquency microwave radiometer (LAMMR), would have had radiometer channels at 18. 21 , and 36,5 
GHz, among others, with spatial resolutions in the 7- to 8-km range. Either this or a similar instrument would pro- 
vide a valuable opportunity for oceanic rainfall mapping. 
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Because of resolution limitations, the use of passive microwave techniques for mapping rain from geostationary 
orbit must be limited to the use of frequencies above 90 GHz. 

The present state of the art on which all workshop participants agree is summarized as follows: 

• Passive measurements in the 10- to 40-GHz region represent a viable technique for measuring rain over the 
ocean. This measurement is based on a sound theoretical model in which aU uncertain elements are physically 
measurable parameters. The problems associated with this technique are matters of detail in determining the 
calibration transfer function and are not fundamental limitations. 

• Rain over land presents a more difficult problem. Hybrid techniques using IR and high-frequency microwave 
measurements (90 GHz) offer some promise, but there are no clear<ut approaches which can assure success. 


6.3 MICROWAVE MEASUREMENT PROBLEMS 

For microwave instruments, the effect of the inhomogeniety of the rain rate within the field of view(FOV) 
must be addressed. Because the effect is nonlinear, it is doubtful that it can be removed by using only the microwave 
data. 


Suppose that we had the ability to obtain microwave observations of rain with unlimited spatial resolution. At 
any frequency, a nonlinear relationship exists between the column density of rain and the T 3 . Also, there is some 
column density at which the Tg saturates. Above this column density, the Tg decreases because of the effects of 
scattering. Since the observed Tg depends on the column density of particles, the rain rate cannot be inferred unless 
the height of the rain column is known. Again, the effect is nonlinear. 

Other problems are the effect of cloud liquid water and water vapor on the Tg and the ability to develop a tech 
nique to separate these effects from the precipitation information. 

The following sections address the problems of beam-filling, rain column height, and cloud liquid water and 
offer some suggestions for resolving these problems. 


6.3.1 Beam-Filling 

Because a considerable spatial variation occurs in the rain rate within the FOV of a mierc vave sounder, it is 
necessary to evaluate the effects of beam-filling. Nonuniform filling of the beam causes a bias in the rainfall estimates 
so that it is necessary to evaluate the magnitude of this bias. In this connection, the following steps should be taken: 

a. Statistical data must be developed concerning the size distribution of rain cells (i.e., a probability distribution 
function (PDF) for rainfall rates within the FOV). It would be desirable to compare the PDF’s over land and 
ocean. The aim is to determine if there is a small enough set of parameters that describe the PDFs so that 
they can be determined either from the microwave data or from conventional sources. Additional experi- 
ments will be needed to expand the understanding of the statistics of rainfall distribution. 

b. Given the statistics of rainfall distribution on a scale smaller than the FOV, radiative transfer moL^is must 
be used to evaluate the error in the rain-rate determination. It will be necessary to find the bias in the rain- 
rate estimate and the variability of the bias. 

c. IR information may be available on a much smaller spatial scale than is possible with microwave. Investiga- 
tion is needed to determine how IR data can be used to estimate the beam-filling factor. This would be 
straightforward if the precipitation area could be defined unambiguously by IR temperature but, unfortu- 
nately, it cannot. 

Data from two radar experiments, GATE and CCOPE (over ocean and land, respectively), and additional data 
from Kwajalcin Radar and other experiments are potentially available. Analysis of these data will show the PDF’s 
for rain-rate distribution and rain height for two climatological regimes. To the extent that the resultant PDFs are 
similar, the statistical approach to the beam-filling problem will work globally. 
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6.3.2 Effective Rain»Layer Height 


A physical parameter essential to estimating rain from microwave radiances is the thickness of the rain column. 
Because the radiometer responds to the path-integrated rainfall, this thickness is best characterized by the effective 
rain-layer height (hgff), which is defined as the path-integrated attenuation divided by the surface attenuation 
coefficient. 

Although radar data in GATE indicate RMS variations in hgff of approximately ±60 percent on a 1 by 1 scale, 
variations are considerably smoothed (±15 percent) when averaged over (200 km)^. Furthermore, no systematic 
variation of the mean height was observed in the GATE phase III. This fact points to the probable climatological 
relationship of the mean hgff to the mean freezing layer, which varied by ±5 percent over the same period. The 
existence of such a relationship is extremely important because there is no known way of directly estimating hgff 
by satellite. 

Since nothing is known about the seasonal or geographical variation of this quantity, an intensive investigation 
is urgently required. Such a study could be performed by examining three-dimensional radar scans from different 
locations and seasons, covering as many different climates as possible. Although radar data over the oceans are 
clearly the most appropriate and should be used as much as possible, much could be learned from land-based obser- 
vations. Observations from midlatitude radar records would be especially valuable because the freezing layer height 
varies considerably during the year. 

A relationship may exist between hgff and freezing level in stratiform and convective rain and this could be 
easily evaluated (particularly stratiform rain). However, meteorological parameters other than freezing-layer height 
should also be correlated with hgff since the ultimate accuracy of the rain estimates is related to the uncertainty in 

•^eff 


An important problem related to the h^ff determination is the estimation of the vertically integrated water 
vapor. Knowledge of this quantity is important because the contribution of the water vapor to the microwave radi- 
ance must be removed so that the rain contribution can be determined. Water vapor can probably be measured by 
using radiances at two frequencies and by taking advantage of the extreme frequency dependence of water vapor in 
the 1 .35-cm absorption line. This has been demonstrated by several investigators using ground-based radiometry at 
several frequencies. 


6,3.3 Cl oud Liquid Water 

Nonprecipitating cloud liquid water (CLW) is spectrally similar to rain; it will be necessary to see how well the 
two can be separated. The presence of CLW will place a lower limit on the rain rate that can be detected. Steps that 
should be taken to minimize the problem are as follows: 

a. Experiments should be done to determine how much CLW can exist m a cloud before it begins to rain. 

Such expenments would consist of upward-looking radiometers in the 10- to 37-GHz range, used either 
alone or in conjunction with digital three-dimensional radar. Because radar and microwave radiometers 
measure very different moments of the drop size distnbution, it is possible to simultaneously measure the 
amounts of rain and CLW when radar data are available. 

b. Although the spectral response of CLW is similar to that of rain, they are not identical. First, a modeling 
study should be performed to determine if simultaneous observations at different frequencies can be used 
to separate rain and CLW. If the modeling suggests that this can be done, experiments will be needed to 
verify this method of separating rain and CLW. 

c. The presence of variable amounts of water vapor (WV) confuses the rain determination. It has already been 
demonstrated that WV can be measured with microwave observation in the absence of rain. The same com- 
ments as in b apply to the problem of separating rain effect: from WV (except that water vapor is spectrally 
very different from rain and CLW, which makes the problem somewhat easier. 


d. Much of the modeling effort depends on knowing reasonable values for the drop-size distribution of CLW 
and rain. In situ measurements should be made by flying aircraft into a variety of cloud types to measure 
particle-size distributions directly and to measure the microwave emission at the relevant frequencies in dif- 
ferent directions. 

Simultaneous data on particle size and brightness temperatures will be necessary for calibrating the radiative 
transfer models and for ensuring the correctness of the models. 


6.3.4 Rain Over Land 


The use of passive microwave techniques over land, even in combination with visible (VIS) and IR data, is an 
extremely difficult undertaking. The large and variable emissivity of land background results in a very poor signal- 
to-noise ratio. Nevertheless, all the passive microwave techniques discussed in Section 6.2 involve the direct detec- 
tion of precipitation-sized hydrometeors, either liquid or ice, and thus have a more direct physical connection to the 
rain than VIS and IR techniques. 

Technique development in this area is just getting under way, A few investigators have been examining only 
small amounts of data for a short time as compared with other techniques under discussion. However, more data 
are now available, and future data will result from the DMSP/SSMI sensor. More investigators are needed in this 
field, and the only requirement is that they be able to find funding and select reliable data for their analysis programs. 
These programs arc inexpensive compared to hardware or even modeling. Some specific problems and potential solu- 
tions in connection with microwave rain -fall measurements over land are: 

a. Dew Formation - Dew on the surface of the ground and on vegetation provides large droplets tiiat can 
scatter radiation in a manner similar to the scattering caused by hydrometeors. However, because dew 
formation is most common on cloud-free nights, the use of an IR measurement for checking the existence 
of clouds greatly reduces the falsc-rain probabilities. In fact, false-rain detCf'tion can be greatly reduced by 
using VIS and/or IR to check for the existence of clouds. Spatial consistency provides another filter for 
reducing false-rain detection. 

b. Cool Surfaces - Surface temperatures greater than 15^C are necessary for any useful rain signal in the micro- 
wave measurements. This may prove to be a fundamental limitation that will restrict the range of applicabil- 
ity of the passive microwave techniques to subtropical and tropical regions and to midlatitude regions during 
the warm months. The warm months are, of course, the most important for crop estimation purposes. 

c. Phase of Hydrometeors - When the use of higher frequencies (greater than about 85 GHz) for rain-mapping 
is explored, the Tg observed is determined primarily by tlie phase rather than Lhe size or number of hydro- 
meteors. Although this information is interesting, it is not directly related to rain rate. Because these high 
frequencies provide the only realistic hope of microwave rain-mapping from geostationary altitude, the re- 
lationship between the ice phase and rain must be better understood. 

d. Horizontal Homogeneity - The assumption of horizontal homogeniety in most radiative transfer models may 
be inadequate for typied convective systems. Thus, more effort is needed in the development of a finite-cell 
model. 


6.4 RECOMMENDED MEASUREMENT SYSTEM 

It is premature to attempt to specify in detail what the ultimate precipitation system should be. It will be 
several years before any new space segment for such a system is likely to be approved; during this lime, much home- 
work must be done. However, some general conclusions can be made at this time. 

Microwave radiometers offer an extremely good method of measuring rain over the ocean. Unfortunately it is 
only pi*actical from a low Earth orbit. We therefore recommend a scanning multifrequcncy passive radiometer and a 
4 nadir-riewing radar payload for a low-Earth orbiier to complement existing instruments on geostaiionar? s: 

As now envisioned, the microwa^'e radiometer would have frequencies at approximately 18, 21 d j / Ghz. The 
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necessary ground resolution is an open issue. The radar should have as high a resolution as possible in all three dimen- y 

sions. The space system must be complemented by a ground-truth benchmark system so that all measurements will 
ultimately be referenced to a measured volume of water. 

The interaction of the components of the system would be as follows; 

a. Over ocean areas, the radiometer would provide infrequent but reliable rain measurements. On the other 
hand, the geostationary instrument would provide less reliable measurements almost continually. The 
radiometer could then be used to calibrate the geostationary instrument on a twice-daily basis. The radar 
would provide a limited set of high-reliability measurements with error sources independent of the radiom- 
eter errors. Further, by having high three-dimensional (x, y, z) resolution, the radar would serve as a con- 
tinual check on many of the physical assumptions in the radiometer model. 

b. Over land, the radar alone would have to serve as the calibration source and the geostationary component 
would have to interpolate in both space and time. With the addition of the appropriate channels, the micro- 
wave measurements could possibly augment the geostationary measurements over land. It is not possible at 
this time to base a channel -selection recommendation on any solid result in this area. 


6.5 RECOMMENDATIONS 

Recommended activities are: 

• Further study to understand rain-layer thickness effects, including airborne experiments, radar experiments, 
and theoretical studies. 

• Statistical studies using radar data from many locations to investigate possible solutions to the beam-filling 
problem and to estimate requirements for future LAMMR-Uke instruments. 

• Airborne and ground-based radiometer experiments to estimate typical nonprecipitating CLW content for 
both raining and nonraining situations. 

• Aircraft observations at frequencies of 85 GHz and higher for various precipitation events to compare with 
ground-truth information. 

• Cleanup of Nimbus 7 SMMR data. 

• Archival of the DMSP/SSM I data /ith complete documentation. 

• Identification of factors that affect the accuracy of hybrid n»cthods and simulation of error budgets. 

• Investigation of methods for using passive microwave tech^aques to estimate soil moisture and to determine 
if these measurements can imply rain rate over land. 

• Microwave instrumentation technology studies for an advanced LAMMR-like instrument for a potential 
shuttle rain radar mission. 
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SPACEBORNE RADAR 


7.1 INTRODUCTION 

The spaccbome radar panel considered how radar could be used to measure prcapitation t satellites. The 
emphasis was on how radar could be used with radiometry (at microwave, visible (VIS), and infrared (IR) wavelengths) 
to reduce the uncertainties of measuring precipitation with radiometry alone. In addition, the fundamental electro- 
magnetic interactions involved in the measurement were discussed to determine the key work areas for research and 
development to produce effective instruments. Vanous approaches to implementing radar systems on satellites were 
considered for both shared and dedicated instruments. Finally, a research and development strategy was proposed 
for establishing the parametric relations and retrieval algorithms required for extracting precipitation information from 
the radar and associated rauiometric data. 

Rayleigh is the scattering process involved with centimetric radars that observe rain clouds; (i.e., the greater 
cross section is proportional to D^/X^ where D is particle diameter and X is wavelength.) Raindrops thus produce 
radar returns many ordain of magnitude greater than those from nonprecipitating clouds. In short, radar interacts 
primarily with rain and, unUke radiometry , can directly identify the presence of rain below rain clouds. It is thi.^ 
interaction with the rain that gives radar a good chance of measuring precipitation rates without the need for tenuous 
assumptions. Radar, can theretore aid substantially in measuring precipitation from space. 

Nonetheless, radar measurements will be subject to certain errors involving beam-filling, propagation effects, 
and uncertainties in the drop-size distribution of the precipitating particles. To help reduce these errors, radiometry 
may be used to estimate propagation effects or to identify cloud structures that may affect the interpretation of the 
radar data. Combining radar and radiometry techniques (Section 6) should optimize the usefulness of precipitation 
measurements from space. 

The relatively long wavelength of radar systems as compared with VIS and IR techniques dramatically degrades 
the spatial resolution. This is particularly severe if operation from geostationary satellites is to be considered. Con- 
versely, if the radar is to image with high resolution over a large area, complex radar systems will be required. In 
cither case, extreme demands of size and power will be placed on the carrying satellite. Therefore, the unprovemcni 
in the accuracy of rainfall measurements by radar will have to be weighed against the extra complexity and cost. 


7.2 COMBINED MEASUREMENTS 

Hybrid measurements, which combine the use of radar anc* radiometers, have a variety of advantages For ex- 
ample, the microwave radiometer when used over the ocean, can provide a measure of the path-integrated attenuation; 
the radar, on the other hand, can provide measurements of both the top of the prccinitauon and the height of the 
melting level. These measurements allow the radiometer-determined attenuation to be attributed to specified rain 
rates that are below the melting level. In addition, the profile of radar reflectivities appears to make it possible to 
obtain a vertical profile of rain rates. Should a radar backscattering from the sea occur, the combination of radar and 
radiometry can provide both the radar cross-section of the sea and the intervening attenuation required to estimate 
the rainfall from the attenuation. 

Combinations of radar and IR/VIS measurements also appear to be useful, in one such application, the more 
accurate radar measurements could be used for calibrating and checking ihe IR/VIS precipitation maps. 

Anot! application uses IR/VIS instruments as look-ahead sensors so that the radar could be directed toward 
the region: M precipitation. (See paragraph 7.4. 2.5.) 


7.3 CANDIDATE SYSTEMS CONCEPTS 
7.3.1 Generic Systems 

Among the advantages of radar, in comparison to other systems, for measuring meteorological parameters is the 
diversity of data acquisition techniques. Many of these techniques have been fully tested and are being used in measur 
ing precipitation parameters with ground-based instrumentation. For example, the National Weather Ser>*ice network 
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0 ^ weather radars combines measurements of radur backscattered power, azimuth angle, elevation angle, and range to 
construct a threeKlimensional model of the precipitation field. Similar measurements are combined with Doppler 
processing in radars like those operated by the National Severe Storms Laboratory to deduce information the 
motion of the hydrometeors. These are only two examples of the large variety of measurement platforms V ^re 
possible when combinations of coordinate geometry, amplitude measurement, and frequency and polarization diver- 
rty are considered. All of these are possible on satellite-borne meteorological radar. Some examples are describ j 
ater in this section. 


7J.2 Orbit Considerations 

A low Earth orbit (LEO) permits fine-scale spatial resolution with a radar system of modest size and power re- 
quirements. However, the geographical coverage of the radar footprint is limited so that a given location is covered 
only infrequently. Eroadening the footprint provides greater geographical coverage but at the expense of resolution, 
increased power requirements, and accuracy. A geosynchronous orbit (GEO) permits increased temporal resolution 
but with less spatial resolution and power options. A highly elliptical orbit of the Molniya type combines the advan- 
tages ^ disadvantages of both LEO and GEO and may require a more complex measurement system. The systems 
considered in this report arc best suited for LEO satellites. An exception is the bistatic spacebome radar (paragraph 
7.4.2.7) that is specifically designed for satellites in geostationary orbit. 


7.4 CANDIDATE SPACEBORNE RADAR SYSTEMS 

In describing the following systems, a few general assumptions about the kinds of measurements that are opti- 
mal were adopted. For example, it is assumed that the profiling of precipitation fields is best accomplished by using 
pulsed microwave frequencies in the X- and K-bands, either alone or in combination. Integration with respect to area 
and altitude is also possible in these bands. Multiple-frequency methods will pemiit discrimination of land surfaces 
from precipitation in the K-, X-, and C-bands. Introducing polarization methods should permit discrimination of rain 
from ice (e.g., in the id^dfication of the bright band) and might permit discrimination of the ground echo from rain. 
Therefore, combinations of measurabtes are considered that involve coherent and incoherent polarized freouency- 
diversity microwave instrumentation in the aforementioned frequency bands. There are two categories of specific 
radar systems: (1) shared systems and (2) dedicated systems that are listed as follows: 

Systems Modifications for Precipitatio n 

Early range gates 

Af Scatrad 

Range-resolution Scatrad 

Doppler adaptive pointable radar 
Fixed simultaneous multibeam 


Multibeam 
Nadar 

Surface reference 
Af Scatrad and range resolution 

Doppler adaptive poinuble radar 
Fixed simultaneous multibcam 

The shared systems are microwave sensors developed primarily for df termiiung geophysical parameters other 
than rain. Modifications of these instruments are suggested that could add a precipitation sensing mode without 
seriously degrading the primary performance of the sensor. However, shared precipitation sensing is not optimum 
for all modes. Parameters of dedicated systems are selected to improve some aspects of the sensor performance. 


• Shared Primary Sensor 

- Altimeter 

- Scatterometcr 

- Multifrequency microwave 
radiometer (MFMR) 

• Dedicated 

- Intermediate resolution 
(5 to 10 km) 


- Fine resolution 
(1 to 3 km) 
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7.4.1 Shared Systems 

Several active and pas^We microwave sensors have been developed and flown in space for determining specific 
geophysical parameters: 

• Altimeter - Ocean geodesy and wave height 

• Scatterometer - Ocean wind speed and direction 

• Multifrequency radiometer - Sea-surface temperature, ocean wuid speed, water content, ice, sea, and snow 

Conventional synthetic aperture radar (SAR) does not lend itself to a shared mode because the elevation beam 
widths needed for iwath width are impediments to use of “early” precipitation gates. “Early” gates are those range 
gates that occur abov^ the Earth’s surface and can capture any precipitation echoes present. 

In principle, it is feasible to modify each of these sensors while sharing the same antenna and obtaining addi- 
tional information on precipitation. The following paragraphs describe the proposed sensor combinations. 

7.4.1 .1 Nadir Altimeter for Rain (NADAR) - Before the NOSS program was terminated, the incorporation of a rain 
mode on the radar altimeter was planned (Walsh, 1981), with the likelihood that future satellite-borne radar altimeters 
will also contain similar rain -measurement capabilities. Such a mode may be considered as a piggyback to an already 
existing radar system, and its implementation would require minimal cost because only minor modifications are re- 
quired (Goldhirsh and Walsh, 198 1). The rain altimeter would serve two purpo es. First, it would provide the exper- 
imenters who are interested in establishing mean sea height and wave height wi h absolute levels of rain rates that 
degrade their measurements. Second, this piggyback scheme would pro’dde valuable data to experimenters who are 
interested in precipitation and would lead to an improved design of the next generation probe which might be dedi- 
cated to measuring precipitation. The 13.5-GHz altimeter frequency enables two independent types of measurement, 
i.e., a relatively unattenuated power measurement at the top of the rain cell and a power difference between the top 

of the cell and the bottom (near ground) giving rise to the attenuation. Both measurements may be used independently 
to give estimates of the rain rate or may be combined to improve these estimates (Atlas and Ulbrich, 1974; Goldhirsh 
and Katz, 1974). 

Through a preliminary analyris the ability to extract rain rate and average rain drop-size distribution using 
simplified assumptions has been demonstrated. Although the technique using a combination of power measurements 
at the storm top and ittenuation measurements results in a random component of 3 to 4 mm/hr, it is superimposed 
on a system bias erroi if approximately 1 5 percent (Goldhirsh and Walsh, 1981), Therefore, the system should be 
able to be calibrated to at least this accuracy. 

7.4.1 .2 Scatterometer (Scatrad) - The scatterometer is a sensor which is based on the Scatrad S-193 principle demon- 
strated on the Skylab Ku-band (14-GHz) mechanically scanned parabolic reflector scatterometer-radiometer. The 
Scatrad is capable of viewing the ocean surface in two directions 90 degrees apart. The average scattering coefficient 
varies with wind speed and wind direction. The radiometer provides the precipitation loss (total attenuation) in the 
Scatrad beam, which is used to correct the radar signal. This wind -speed estimate is then used to improve the bright- 
ness temperature so that the iterated attenuation value is improved over the first estimate. Modifications could be 
made to the scatterometer to enhance precipitation measurements. Two examples are: 

a. Af Scatrad - In this modification of the scatterometer radiometer, the radar signal is cither stepped over a 
small frequency interval, Af, or several narrowband channels are used at fixed frequencies. The ocean radar 
reflectivity is relatively constant whereas the rain attenuation changes significantly with frequency; the 
latter dependence would yield the rain rate. 

b. Rang. -Resolution Scatrad - The use of additional modulation of the Scatrad waveform (chirp, short pulse, 
or FM/CW) offers tne capability of range-gating the precipitation-scattered signal. 

7.4. 1.3 Multifrequency Microwave Radiometer (MFMR) - The first MFMR flown on Nimbus 7 and Seasat (SMMR - 
6, 10, 18, 21 , 37 GHz dual-polarized channels) had a l-meter diameter antenna with a 25-degree scan. Operational 
versions under consideration (e.g., large-antenna multichannel microwave radiometer) would have apertures of 2 to 

4 meters in diameter and a 360-degree scan. Because the passive application of an MFMR needs only 180 degrees of 


7-3 


scan, it is feasible to include active channels that would use the other 180 degrees of scan. With careful RFI design, 
the active and passive sensors could also share the same scan directions. 

Several radar configurations appear to be feasible for augmenting an MFMR. The two modifications for en- 
hanced precipitation sensing that were outlined in the previous section could be used here also: A{ scatterometer 
channels with range resolution capabilities. 


7.4.2 Dedicated Systems 

The shared-sensor approaches discussed in Section 7.4.1 can result in compromising some sensor performance. 
Dedicated sensors which are optimized for precipitation retrieval offer more accurate rain characterization. The fol- 
lowing paragraphs briefly discuss several representative systems that have most features of the generic radar systems. 
These systems progress fiom moderate to fine spatial resolution and are accompanied by a progression in antenna 
size, complexity, and cost. 

7.4.2. 1 Surface Target Attenuation Radar (STAR) ~ The surface target radar determines the precipitation rates from 
radar beam attenuation. The backscattered power is directly proportional to the product of the surface scattering co- 
efficient and the two-way attenuation through the rain to the surface. The scattering coefficient of terrain a = -10 
db ± 2 db when the instantaneous field of view (IFOV) is large (10 km) at incidence angles greater than 30 degrees. 

In the ground comparison approach, a® can be determined from either measurements of nearby fields of view around 
the storm or average values obtained previously. The attenuation coefficient, k db/km, is calculated from the ratio of 
the total attenuation to the radar -measured storm height. In the 1 to 2 cm wavelength region rain rate is linearly pro- 
portional to the attenuation coefficient (Atlas and Ulbrich 1977). The surface reference target scheme can be imple- 
mented in scanning-beam and fixed-beam geometries with resolutions from 1 to 5 km. Statistical modeling results 
indicate that random errors of 20 percent of ihe true rain rate are obtained at frequencies oi 36 GHz with beam widths 
of 4 and 1 km (Eckerman et al., 1978). This should be classified then as intermediate or high resolution. 

7.4. 2.2 Frequency Agile Rain Radar (FARR) - In the FARR approach, the radar is switched between two nearby 
frequencies. Ocean and land radar scattering coefficients are relatively constant in a small frequency interval. There- 
fore, the ratio of received power in the two channels is proportional to the differential attenuation at the two fre- 
quencies. The differential attenuation, in turn, can be related to the rain rate by means of an attenuation (k) - rain- 
fall (R), or the k-R law. 

7.4.2.3 Scatterometer (Scatrad) - The concept of precipitation determination using the frequency agile approach 
was discussed briefly in the section on shared systems. In the shared mode, the primary observation of ocean wind 
speed determLned the scan method. In a dedicated scatterometer-baseu system, the beamwidth, scan modes, and 
frequencies can all be optimized for observing precipitation. For example, a single-beam conically scanned instru- 
ment would be adequate for the precipitation mode. The ground comparison and frequency agile surface reference 
techniques can be complemented at frequencies near 1 5 and 35 GHz. 

7.4.2.4 Fixed Simultaneous Multibeam Radar (FSMR) - For spatial resolution on the order of 1 km, scanning-beam 
optics do not provide a sufficient number of independent samples to obtain accurate echo power and rainfall measure- 
ments. Broadband waveforms (K rehbiel and Brook, 1980) offer one solution to this problem but at the expense of 
signal-to-noise ratio, which raises the minimum detectable rain rate to higher levels. Frequency diversity also offers 

a possible solution. However, this method required a mechanically rotated antenna that is 1000 wavelengths in 
diameter. When the need for multiple beaming in elevation is factored in (to keep the rotational rate low), it is clear 
that a mechanically scanned I -km IFOV precipitation radar would result in a complex system. Electronic scanning 
is impractical for similar reasons. One possible full-swath coverage system is the fixed simultaneous multibeam con- 
cept proposed by Technology Service Corporation (1975). This antenna system uses vertical boom array transmit 
and receive antennas to give conical illumination. The receive antenna is made up of many vertical sticks (or booms) 
with a beam-forming network forming the simultaneous azimuthal receive beams. Doppler azimuth beam-sharpening 
further reduces to 1 km the width of these real apertures. This configuration minimizes the antenna dimensions be- 
cause synthetic aperture techniques are used. Vxe greatest disadvantage is that two unique radars are needed to Lm- 
plement dual frequency, whereas, with reflector antennas, several frequencies can be integrated into a single microwave 
optical system. 
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74.2.5 Adaptive Pointable Multibeam Radar ( APMR) - A variant of the fixed multibeam radar is a pointable approach 
that is in a much earlier stage of development than the fixed simultaneous multibeam. The proposed idea is to use two 
systems (Atlas, 1981). The first is a look-ahead radiometric system that detects and acquires storm systems ahead of 
the spacecraft and the second is a storm mapping radar. This latter radar has an adaptive beam which squints cross- 
track at selectable elevation angles that are programmed to positions of the storms as observed in the detection/acqui- 
sition system. The system’s advantages are twofold because it can obtain a large sample of independent pulses and 
cover a wide swath. In addition, the system requires less energy and communications bandwidtii because it operates 
only when rain events are present. 

T.4.2.6 Bistatic Spacebome Radar - A spaceborne meteorological radar in low Eartli orbit is able to observe meteor- 
ological events such as hurricanes, typhoons, or specific storm fronts, but is limited as a general meteorological tool 
because a single satellite monitors a given area only twice a day Coverage for these meteorological events are usually 
desired 5 to 10 times more frequently. Such coverage can be accomplished with a bistatic radar (Nathanson, 1981) 
on a single geosynchronous spacecraft. 

A coherent radar transmitter with a medium-sized antenna can be placed in a geosynchronous orbit, preferably 
with a beam that scans the United States in a “raster” pattern with about 0.9-degree beamwidlh. This scanning can 
be accomplished either mechanically, which is slow, electronically using multiple feeds, or by frequency-scanning 
techniques. The receivers are ground-based and may have Doppler capability. 

Two factors make the meteorological application attractive. First, the bistatic reflections of radar signals from 
precipitation are omnidirectional, and the relaaonship of the reflectivity of the rain-io-rainfall rate can be easily de- 
rived. Second, the rain echo signal level is independent of range from a receive-only radar, and the system will work 
at long ranges. 

The bistatic approach has the potential to provide finer resolution and more information about precipitation 
than other spaceborne radar techniques. Of particular significance is the low-data rate and simplicity of the bistatic 
system output, which lends itself to unattended receivers that are connected by telephone lines to central processors. 
However, this technique is limited to parts of continental areas that are within view of the receivers. 


7.5 REQUIRED RESEARCH AND DEVELOPMENT STEPS 

Several of the necessary research and development steps which will lead to the definition and implementation 
of a spaceborne radar arc outlined here. Some of the preliminary work should focus on a detailed study of radar 
methods and algorithms in the context of spaceborne radars, delineating the major sources of error and determining 
their estimated accuracies, dynamic range, and spatial and temporal resolution. The next stage is to develop a space- 
bome simulation by which the various systems and associated methods can be compared in a consistent fashion The 
results of such studies will help to identify some of the most promising systems that satisfy the accuracy and sampling 
requirements of the major user groups. The validarion of these concepts can be accomplished by means of an experi- 
mental program involving side by side flight of multiwavelength radars, radiometers, and IR/VIS instruments. Along 
with experimental efforts, there must be an identification of analyses and simulations which can be done with exist- 
ing data bases. 


7.5.1 Initial System Studies 

A major effort is the identification of potential methods and instruments which are appropriate as spacebome 
sensors. A number of systems and techniques are described in detail in Section 7.4. Nevertheless, the various methods 
are summarized here, emphasizing their advantages and weaknesses, to indicate studies that are needed for developing 
realistic options. 

For spacebome meteorological applications, the use of attenuating wavelengths is preferable because: (1) higher 
resolution can be attained, thereby reducing errors caused by partial beam-filling and reflectivity gradients within the 
resolution cell, (2) most of the attenuating-wavelength methods do not rely on the drop-size distribution dependent 
Z-R law, but rather use a k-R law that is less sensitive to fluctuations in DSD, and (3) several of the methods are inde- 
pendent of the radar calibration constant, which reduces the possibility of large offset errors in the rain-rate estimate. 
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The disadvantage most of these techniques have is the limited dynamic range achievable with a single attenuating 
wavelength. One possibility for alleviating this problem is the use of additional radar wavelengths (i.e., shorter wave- 
lengths for estimating low rain rates and longer ones for more intense rain rates). Another possibility is the supple- 
mental use of the conventional Z-R method. For low rain rates, this would approximate the performance of a non- 
attenuating wavelength radar; for high rain rates, the return from the range cell below or above the bright band (where 
attenuation effects would be slight) could be used to approximate the average rain rate in the vertical column just 
below. 

Note that the attenuating-wavelength methods (dual-wavelength, attenuating-wavelength methods, and altimeters 
such as NADAR, STAR, and FARR) are generically the same (i.e., they depend on the assumption that over the meas- 
urement set there exists a quantity that remains essentially constant and that provides a calibration point for the total 
or differential attenuation). For the dual-wavelength method, this quantity is the rain reflectivity (i.e., the reflectivity 
of a fixed-range cell varies slowly with frequency). For NADAR, this quantity is taken to be the rain rate, in range, 
along a vertical column. The surface target methods depend on the invariance of the backscattering coefficient of the 
surface, In particular, STAR relies on the small temporal or spatial fluctuations in (at K-band and incidence 
angles greater than 30 degrees), whereas FARR exploits the nearly constant nature of with small frequency changes. 
An assessment of the validity of these various assumptions should aid in assessing the accuracy and applicability of the 
methods. 

Although combined instrument methods such as radar and radiometry are not discussed here, the contribution 
of passive channels to various radar techniques should form part of any feasibility study of the various spaceborne 
radar options. 


7.5.2 Modeling and Simulation 

Although little active microwave data from space exists by comparison to that from microwave and VIS/IR 
radiometric systems, the proposed radar systems and techniques must be examined and simulated with a consistent 
space-oriented model. Some of the major effects to be considered with such a model are: (1) the horizontal and 
vertical scales of precipitation (i.e., the model must include actual three-dimensional reflectivity data or adequate 
models of such); (2) the effects of ground clutter and partial beam-filling; (3) the effects of ice and the bright band; 
(4) the effects of gain pattern, range resolution, frequency of operation, etc. so that a fairly broad parametric study 
can be conducted; and (5) other error sources such as caJibration constant errors, receiver noise, and fluctuations in 
drop size distribution. The effects associated with the horizontal and vertical scales of precipitation and the effects 
of ice and the bright band can also be usefully investigated with ground-based and aircraft-based radar data sets. 
Gearly, with these kinds of data and the long history of precipitation radar development and use, we should be able 
to develop a space-oriented model that will provide the understanding necessary for defining realistic options for a 
spaceborne precipitation radar system. With such a model, it is envisioned that a comparison of the different systems 
and methods could be accomplished. 


7.5,3 Experimental Program 

The development of an experimental program should be pursued in parallel with systems and modeling studies. 
Ground-based and airborne experiments can be used to verify, in part, the accuracies of the various measurement sys- 
tems (radar design and technique) and to identify any additional problems not accounted for in the supporting model- 
ing and analysis ac..vities. Several sessions of the workshop emphasized the need for high-quality ground truth for 
assessing the accuracy of their measurements. This requirement is no less true for airborne radar experiments. The 
possibility of the NASA Wallops Spandar radar was suggested as a possible ground-truth site. Its advantages include 
high resolution and sensitivity and the existence of a supportive system of disdrometers, rain gages, and space/Earth 
communications links. Another advantage is that, because of its location, the Spandar can retrieve three-dimensional 
reflectivity profiles above both land and ocean regions. 

Although little was said about the specific design requirements of an airborne radar experiment, there appears 
to be agreement in the basic system outline: a microwave radiometer, as well as IR/VIS instruments, should be in- 
cluded with any radar flight whether airborne or by shuttle. Furthermore, multiwavclcngth radars should be seriously 
considered because they will enable a verification of some of the most promising techniques and will provide a means 
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of selecting the near-optimum wavelengths. If an experimental program can be established early, a meaningful pre- 
cipitation radar mission could be flown on the Space Shuttle within the 1985-87 timeframe. 
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^ 5 .4 Algorithm Development 

A strong algorithm development program should be conducted concurrently with the foregoing activities. Al- 
though such activities are inherent in modeling and simulations studies, it is important that this high-priority item 
receive special attention for several reasons: 

a. there is the possibility of improving precipitation data from existuig passive microwave sources. 

b. in attempting to improve current algorithms, better understanding will be gained for developing a DMSP 
microwave precipitation algorithm and for future passive systems such as LAMMR or passive microwave 
channels associated with other instruments. 

c. algorithm development for passive systems should lead to better physical insights concemmg corresponding 
algorithms for spaceborne radar, and conversely. 

d. algorithm development will be necessary for the experimental program. 

e. although fine tuning would undoubtedly be needed later, the fundamental algonthm principle for space- 
borne radar must be understood early for simulations to be effective. 

It IS beyond the scope of tliis section to assess or describe current status of related algorithm development. The 
point here is to emphasize that this activity must be considered of equal importance and initiated at the outset of any 
future spaceborne radar/radiometer development studies. 


7.6 RECOMMENDATIONS 

The Radar Working Group has considered several shared and dedicated sensors for implementing spaceborne 
precipitation radar. Several systems were proposed that were based on either modulated or CW systems and real- or 
synthetic-aperture radar modes. They all operate at rain-attenuated wavelengths. The Radar Working Group recom- 
mended precipitation science studies, experiments, and flights of these systems. 

• System Studies . It is important that the shared precipitation radar/radiometer sensor be studied because 
these measurements can complement each other. The combined precipitation radar scatterometer would 
be valuable because the scatterometer is needed for both research and operational ocean missions. 

• Modeling. An assessment of the accuracy, dynamic range, and applicability (over ocean and land) of the 
proposed techniques should be performed to identify their relative merits. Actual data or realistic models 
should be used in the simulations. 

• Algorithm Developmeni . There is a need to survey the algorithms that correspond to the foregoing methods 
and to determine whether alternative retrieval methods are possible. Studies are also required to investigate 
dual-polarization algorithms from space and those for combined radar/radiometer sensors. 

• Measurement Techniques . To increase the ratio of dwell time to beamwidth, several strategies are available: 
(1) pulse compression, (2) multiple beamwidths, (3) wide-band radar, and (4) adaptive-pointing radar. These 
should be evaluated in terms of signal-to-noise considerations, cost, and ease of implementation. Technical 
and cost trade-cT studies should be performed on the proposed techniques, and performance should be 
analyzed for the list of potential spaceborne systems outlined in Section 7.3, followed by a more detailed 
design of the best concepts. 

• Experiments/Demonstrations . Airborne experiments are required for demonstrating the performance of the 
best concepts identified in this report. The majority of spaceborne precipitation radar systems operate at 
attenuating wavelengths. Implementation of a multifrequency airborne precipitation radar is recommended 
because it will provide the desired channels for an evaluation of most of the spaceborne radar methods. One 
of the channels should be modified to test the frequency agility mode. 
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- Flights should be conducted in conjunction with precision rain truth. One possibility is to develop tlie Spandar 
radar at Wallops Island, Virginia, with a facility to measure differential reflectivity at both polanzation. 

- Experiments must be conducted in a representative spectrum of storm types to assess the effects of variations 

in physical composition and structure on the accuracy of precipitation retrieval. To the greatest extent possible, these 
experiments should include in -situ aircraft measurements of particle types, phase, and size distribution. 

- Preliminary planning should begin for a shuttle rain radar mission. 

- All airborne and shuttle experiments should include selected microwave and VIS/IR channels. As a result of 
this workshop, several members of the Spaceborne Radar Group (Atlas, Exkerman, Meneghini, and Moore) prepared 
a more comprehensive paper entitled “The Outlook for Precipitation Measurements from Space “ The paper, wluch 
elaborated upon many of the ideas presented here, was prepared for the Preprints of the AMS 20th Radar Meteorology 
Conference, but was reprinted in the present proceedings because of its relevance. (Appendix D.) 
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AGENDA 

WORKSHOP 

ON 

“PRECIPITATION MEASUREMENTS FROM SPACE“ 

APRIL 28 -MAY 1, 1981 

NASA/GODDARD SPACE FLIGHT CENTER 
GREENBELT. MARYLAND 20771 

BUILDING 8, 2ND FLOOR - AUDITORIUM 

APRIL 28 TUESDAY 

REGISTRATION 7 30 -8.30 

WELCOMING REMARKS: Dr Leslie H. Meredith 8 30 


Precipitation Measurements from Space - 
Sortie Guiding Thoughts 

FI RST SES SION 

PRECIPITATION MEASUREMENT REQUIREM ENTS 

Precipitation Measurement Requirements for 
Climate Model Development & Applications 


Precipitation Data for Climate Diagnostics 

^Agricultural Requirements for 
Precipitation Measurements 


♦Hydrological Forecasting Requirements 
for Precipitation 

♦Severe Storms Requirements 
Precipitation Information 

♦Global Weather Requu-ements for 
Precipitation Measurements 

♦Precipitation Requirements Survey 
COFFEE 

•Papers synopsized by Dudley G. McConnell 


Director of Applications 

David Atlas 
NASA/GLAS 
(Workshop Chairman) 

8.45 

Dudley G. McConnell, Chairman 
NCPO 

Paul H Hwang, CoChairman 
NASA/GLAS 

Yale Mintz 9:00 

Univ. of Md and 

NASA/GLAS 

Eugene M. Rasmusson and 9 ‘25 

PhUhp A. Arkin, NOAA/NWS 

Norton D. Strommen and 
Raymond P Motha 
USDA,and Robert F. Dale 
Purdue University 

Michael D. Hudlow, 

Richarj K. Farnsworth, 

Douglas R. Greene 
NOAA/NWS 

Robert F. Adler 9:45 

NASA/GLAS 

John H, E Clark 
Penn State University 

OttoW Thiele 
NASA/GLAS 
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Elaboration/Rebuttals - Discussion 
Session 1 Wrap-up 

SECOND SESSION 


Dudley G. McConnell 


10:40 

11:05 


SAMPLING PROBLEMS RELATED TO PRECIPITATION MEASUREMENTS 



John S. Theon. Chairman 
NASA Headquarters 
David A. Short, CoChairman 
NASA/GLAS 

Sampling Problems ~ Overview 

Robert F. Crane 
Dartmouth College 

Comparative Experimentation: 
Some Principles and Prescriptions 

John A. Flueck 
Temple University 

On the effect of Temporal Sampling on the 
Observation of Mean Rainfall 

Charles R. Laughlin 
NASA/GLAS 

LUNCH 


Raingage Networks Sampling Statistics 

John L. Vogel 

Illinois State Water Survey 

Microwave Radiometry Sampling Problems 
Demonstrated with Nimbus 5 Rain Rates 
versus GATE Data 

Ehrhard Raschke and Eberhard 
Ruprecht, Univ. of Koln 

A Standard Verification for Rainfall 
Estimation from Remote Platforms 
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A BRIEF REVIEW OF THE 

PRESENT STATUS OF GLOBAL PRECIPITATIO^ ESTIMATES 


Yale Mintz 

Department of Meteorology, University of Maryland, College Park, MD 20742 

and 

Lab. Atmospheric Sciences, NASA Goddard Space Flight Center, Greenbelt, MD 207. 1 


Introduction 

This IS a brief review of what is now known about the 
global distribution of precipitation both the “normaF’ distn- 
bution (i.e., the precipitation averaged over a number of years) 
and time-series of the precipitation. Only the most recent 
studies arc explicitly covered An historical account cf earlier 
studies can be found in Jaeger (1976). 

1 Jaeger (1976) produced global maps, and a corres- 
ponding machine-readable grided data set, which is the only 
estimate we have of the normal monthly precipitation over 
the entire globe. 

Over the continents, the inputs were the published na- 
tional and regional maps of normal monthly precipitation 
(Jaeger, 1976, Table 3); supplemented, where there were no 
maps, by station data from the World Weather Records (U S. 
Dept Commerce) and other sources. In so far as the data al- 
lowed, the thirty-year period, 1931-1960, was used but 
where this was not possible, other time intervals were used 
The globe was divided uito grid areas of 5® longitude by 5® 
latitude and, reading from the various sources, the monthly 
values of the continental precipitation, averaged over the grid 
areas, were recorded From these averaged values, plotted in 
the centers of the squares, the global maps of preapitation 
were drawn by hand (Jaeger, 1976, Figs 9-21). 


Over the oceans, Jaeger simply took the annual precipi- 
tation, as given in the map by Geiger (1965), and distnbuied 
that precipitation over the twelve months of the year in pro- 
portion to the monthly percentage frequency of observations 
reporting precipitation, as given, for each 5® by 5® square, in 
the Marine Climatic Atlas of the World (U.S Navy. 1955-65). 
Thus, over the oceans, the annual precipitation is the same as 
the one given by Geiger (with the exception of some small 
regions of the oceans adjacent to Indonesia, where Jaeger in- 
creased the annual precipitation from about 2000 to 3CHX) 
mm/year.) 

Geiger’s distribution of the annual precipitation over the 
oceans can be traced back to Schott For the Atlantic Ocean, 
Schott (1926) reworked the earlier analysis of Supan (1898) 
in which the annua) frequency of precipitation (the number 
of days m the year with precipitation), as reported in the 
logs of a large number of ships crossing the North and South 
Atlantic ard the Indian oceans, was multiplied by an average 
precipitation intensity (the average amount of precipitation 
per rainy day) as a function of latitude, as obtained from 
measurements of rainfall made on a small number of ships. 

For the annual precipitation in the Pacific and Indian 
Oceans, Schott (1933, 1935) used not only the above dcs- 
cnbed frequency of precipitation multiplied by the latitude- 
dependent intensity of precipitation, but also extrapolated 
directly to the oceans the observed annual amount of precipi- 
tation at the nearest coastal and island sutions. 


Table 1 

Present Status of Global Precipitation Estimates 

I Ttmc ScHM 


Monthly Sctaonal Annual I Wwkly Monthly Scawnal Annual 


Entire 

Globe: 

1 
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*1 
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(1976) 
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(Jaeger used the same method to divide the annuaJ ocean* 
ic precipitation into monthly amounts that MdUer (1951) had 
earlier used to obtain the seasonal (three*monthly) precipitation 
amounts. Mdller had available, at that time, only the seasonal 
frequencies of oceanic precipitation, as given in the Atlas of 
Ounatic Cherts of the Oceans, by MacDonald (193B) ] 


2. Baumaartner and Reichel (1975) show only the normal 
annual precipitation over the globe. Over the continents they 
used about the same input data sources as Jaeger (1976), but 
they retained in their map much more of the spaciai detail of 
the original sources. 

Over the oceans some unspecified combination of the 
global maps of Albrecht (1960), Knoch (1961) and Orosdov 
(1964) wu used; with an adjustment of the total ocean pre- 
cipitation to 385 X 10^ km^/year. This adjustment was 
made on the assumption that the total continental precipita- 
tion is correct, and the further assumption that the estimate 
they had made of the total global evaporation is more reli- 
able than any estimate that can be made of the total oceanic 
precipitation. 


3. Korxun (ed., 1974) presents the normal annual pre- 
cipitation over the continents after correcting for three sys- 
tematic measurement cmors: wind-effect error (which entails 
the largest correction), rain gauge wetting error, and ram 
gauge evaporation error. (See, alio, Rodda, 1971.) The total 
correction varies with location, from about 10 mrn to 200 mm/ 
year in absolute value, and from about 3% to 70% in relative val- 
ue (Korzun, ed., 1974, Pip. 19a, 19b.) The mean continental 
precipitation without the correction was 725 mm/year; and 
with the correction 800 mm/year. The input data sources 
were national and regional maps, denved from observations at 
about 42,000 stations; supplemented by about 18,000 addi- 
tionai stations. Thus, data from about 60,000 land stations 
entered into the compilation of the global map. Where pos- 
sible, the data was taken from, or reduced to the 80-yeai 
period 1891-1970. The continental precipitation is shown 
with somewhat leu detail than that given by Baumgartner and 
Reichel (1975). (At the present time, precipitation is mea- 
sured hi iboat 120,000 (unevenly distributed) land stations 
over the glebe.) 

Over the oceans, the annual precipitation was calculated 
from a new compilation of mean monthly precipitation fre- 
quencies, in 5* latitude by 5* longitude squares, taken irom 
records in ships (op (for the period 1900-19^4 in the Pacific 
0:ean, and 1900-1969 in the Atlantic and Indian oceans), 
multiplied by the mean annuaJ intensity of precipitation (the 
ratio of the total amount of precipitation to the total dura- 
tion of precipitation. This field of :he mean precipitation 
intensity, which is shown on a global map (Kortun, ed., 1974, 
Fig. 121), waa made by extrapolating to the orcan from the 
measured duration and measured (and corrected) amount of 
precipitation at the nearest of 426 island and coastal stations. 
(This is essentially the tame metlKid that was used by Supan 
(1898). It implicitly takes into Kcount not only the effect 


of the spstiaJ venation of the air temperature, but also the ef- 
fect of the different predominant weather types: giving differ- 
ent weights to the convective showers in the intertropical con- 
vergence zone and the western subtropical oceans, drizzle in 
the eastern subtropical oceans, and rain from the cyclones that 
move across the middle and high latitude oceans.) In addition 
to this product of precipitation frequency and precipitation in- 
tensity, Korzun (ed. 1974) extrapolated to the ocean directly 
the measured (and corrected) precipitation amounts at 173 
stations on small, low islands. (See, also, Samoilenko, 1966). 


4. Korzun (ed. 1974. Figs. 26, 35. 54. 66. 79. 88) . us- 
ing only 523 stations for all of the continenu (mostly stations 
with long-ter.it records), constructed maps of the percentages 
of the normal annual continental precipitation that occur in 
the four seasons of the year Because of the small number of 
stations used (65 for North America, 133 for Asia), orJy large 
scale space variations are shown. Thus, whether it is so m 
nature or not, according to this analysis the small scale features 
which are seen on the annual precipitation map arc features 
that penist throughout the year. 


5. Hsu and Wallace (19 J6) have produced an analysis of 
the normal precipitation over the continents (and many islands 
of the globe), which shows the normalized amplitude and phase 
of the first two annual harmonics ui the precipitation. They 
used the precipitation data, for the period 1951-70, at about 
700 of the 2000 stations in the World Mon^’Uy Surface dima- 
tolofical Data Set (which they obtained on tape from the Na- 
tional Center for Atmospheric Research, Boulder.) 

No information is given bv the maps of the two annual 
harmonics which is not unpUcit in the maps of montliiy pre- 
cipitation, as given, for example, by Jaeger (1976). But some 
characteristics of the time-space variation of the precipitation 
are easier to see (although others are more difficult to see) 
when the nonnalized harmonics are duplayed in this way. 


6. Reed and Elliott (1979) produced maps of the normal 
seasonal and annual precipitation for the Atlantic and Paafic 
Oceans north of the equator, uaig u their input data the 
monthly preapitation Irequenaes given in the revised volumes 
of the Marine Climatic Atlas of the World (U.S. Navy, 1974, 
1977). They divided the two oceans into tropical and extra- 
tropical domains, with the dividing line ut 20*N in the eutem 
two-thirds, and at 30*N in the western one-third of each ocean. 
North of this bouiJary (in the extratropiuai domain) they used 
a conversion from monthly preapitation frequency to monthly 
preapitation rimount that changed from 0.31 (cm month*^%*') 
in July and August to 0.36 (cm month** %'^> in December 
and January; and south oi this boundary (in the tropical do- 
main) they used a constant conversion of 1.0 (cm month** %**). 
These conversion factors were denved by Reed and Elliott 
(1977) and by Reed (1979) mainly from the work of Tucker 
(1961) on rainfall at land «*ationi in Great Britain, and from 
meuurements of precipiuticn that were made m the eutem 
Factfic, between 60*N and 40*N and between 20*N and 2*S, 
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in 1975-1976. by the thip **Oceino|ripher’*. Because of the 
discontinuity in the convenion factor, the precipitation maps 
show Large discontinuities at the boundaries that scpvate the 
two domains. 

(When ' umpared with the meuured precipitation on ships 
during GATi\ in the summer of 1974, the calculated intertrop- 
ical precipita ion maximum in the vastem Atlantic is about 
half as large u the meuured maximum.) 

7. Donntn ind Bourke (1979. 1981) give the normal 
seasonal and annual distributions of precipitation over the At- 
lantic and Pacific Oceana, from 30*S to 60/70*N. u obtained 
by the method of Tucker (1961) and a latitudenierived cor- 
rection for the air temperature. 

Tucker's method consisa of assigning a given amount of 
precipitation to the different present weather types (clear sky, 
druzle, showers, heavy continuous rain, etc.) that are listed in 
the synoptic weather code. Ti'^^ker derived the precipitation 
amount, for each category of the synoptic code that u assoc- 
iated with precipitation occurring at the time of observation, 
by correlating that synoptic code report with the meuured 
precipitation at some stations on the periphery of the British 
Islu. Dorman and Bourke (1978a) examined the universal- 
ity of Tucker’s coefTicients by using also ooutal station data 
along the penphery of the Atlantic and Padflc Oceans, from 
south of the equator to about 75*N. They found that there 
wtt a latitudinal biu related to the local air temperature: 
i.e.. rainfall wu increaaingiy underutunated u air temperature 
increased. They found that thia effect wu systematic and 
could be corrected by empirical formulu for the annual, sea* 
sonal and monthly averagea. Dorman and Bourke (1979, 

1981) uae the Tucker method and those correction coefflc- 
lenu to obtain the seasonal and annual precipitation, for 2* 
latitude by 5* longitude rectangles, over the Pacific and Atlan- 
tic oceans. The mput data, for **prcacnt weather** and air 
temperature, were the synoptic observiticns taken by a wide 
variety of ships of opportunity, for the period 1950-72 in the 
Pacinc and 1^50-74 in the Atlantic, u provided by the mag- 
nstic tape data (tie maintained by the North Hci(k Expen- 
ment (NORPAX) group at Scnppt institution of Oceanography, 
La JoUa. They also present mepe of th^ normalized amplituoe 
and phase of the Orst two annual harmonics of the precipita- 
tion, aa derived from monthly mean piedpitation ntimates 
(which aie given, for the Faci^l^ Ocean, in Dorman aiw Bourke, 
1978b.) For the Pacific Ocean, some information is also given 
about the diurnal variation of precipitation. 


A detailad interoompariaon and critical evaluation of these 
various estimates of the normal annual and seasonal precipita- 
m dutfibutioiis, though desirable. *s beyond the 
scope of this review. We should, nonethelees, note thet there 
are large differenree in Umm estimatea, over tbe continents as 
Will aa over the oceans. Over large areai of the oceans some 
of the estimatea differ by a factor of two. 


8. The F-ce Univenity of Berlin (1963-1981) . Institute of 
Meteorology, has published an analysii of the piecioitation distri- 
bution over the northern hemisphere continents (and extending, 
over Africa, to about 15*S) for each month since the summer 
of 1963. The field is represented by isolincs for seven cetc- 
goriet of precipitation derived from a 30-year baae period. 
1931-1960. (Category 1 denotes that the preciptution for the 
month is within the range of the amount that fell in the «x 
dnest yean of the base period; and 5 denotes that it is within 
the range of the six wettest yean of the base period. 0 de- 
notes that it » less, and 6 that it is more than any precipita- 
tion that fell during the 30-year base period.) 


9. Rao et al. (1976) derived weekly (and also monthly, 
seasonally and annually) averaged maps of prfcjpiution over 
the oceans, for the period 11 Dec. 1972 to 28 Feb. 1975, 
from measurements with the Eicctrically Scannmg Microwave 
Radiometer on the polar-orbiting Nimbus-5 satellite. The theo- 
retically derived calibration of the precipitation rate u a func- 
tion of the measured microwave brightness temperature, for 
different freezing levels, was verified in a ground -bssed experi- 
ment in which upward -viewing microwave bnghtness tempera- 
tures were compared with measured rainfall rates. In calculat- 
ing the precipitation from the measured brightness temperatures, 
they used one of three prescribed heights of the 273*K iso- 
therm over the globe. 

[The overall pattern arvd general magnitudes of the seasonal 
and annual precipitation, aa shown in theM maps, conform 
fairly well with the normal teaaonal and annual precipitation 
distributions given by Dorman and Bourke (1979, 1981).) 
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Introduction 

A general circulation model is a set of finite-difference ana- 
logues of the equations that govern the changes in the st&.e of the 
atmosphere over the global domain With given initial state and 
boundary conditions, these conservation equations (for mast, 
momentum, energy and water substance) are integrated numer- 
ically to obtain the Helds of the physical state vanables' pressure, 
velocity, temperature, water vapor and clouds. While doing tms, 
the calculations reveal the maaa and momentum transfers, the 
energy productions and energy conversionii. and the compositional 
change processes that control the distnbutions of the state vari- 
ables. [ For examples of such general circulation climate models, 
and of climate simulations made with these models, see, respec- 
tively. Chang (ed), 1977 , and WMO/ICSU, 19791 

Precipitation is not one of the ph« ‘ucal state variables of the 
atmosphere Unlike water vapor and cL><ids (or snow on the 
ground and moisture u< \t soil), it is not art of the atmosphenc 
(or ground) compoutior He id. Precipitation is a process that 
changes the composition H<;ld. 

There arc two ways ui which global precipitation measure- 
ments can aid in the development and ust of general circulation 
climate models. 

( 1 ) precipitation meaniremcnts cm verify the calculated 
precipitation and, thereby, help improve the calculation of the 
thermal forcuig that produces the large scale atmospheric circu- 
lation . and 

(2) precipitation rm .surements can be used to initialize one 
of the very important pliyucal ftatc vanabks of a climate model, 
the soil moisture. 

I. Global Measurements of Frcapitation for Verifying and 

Improvuig the Thermal ForcLj of the Atmosphere 

The large scale motioiis of the atmosphere art produced by 
horizontal differenees in the heating of the atmosphere. It is the 
hofttontal gradient of heating that generater ^vailabk poicniiaJ 
energy, which adiabatic procesaas convert into the kinetic energy 
of the largaerve moCioni(Lorinz. 195 S). 

Figure I shows an axampk of the time-averaged and zonilly- 
avcriged heating in a cUmatc tumilatiofi with a general circulation 
model. The lop three panels show, respectively, the hcatuii pro- 
duced by eolar and tong wave radiation, by targe scak cond?neft- 
tkm, and by ci:mulus condeneatiort and convection. The boitim 


panel shows (he heating by all of these processes, togc(hei with the 
sensible hest transfer from the underlying land and ocean. 

We see that radution produces much smaller horizontal gra- 
dients of heating than t!«c two kinds of condensation heating. 

It IS especially ^he strong horizontal gradient of the heating by 
cumulus condensation and convection in the tropics that forces a 
strong divergent motion Held within the tropics and subtropics. 
This motion Held, by subsidence and horizontal advection of heat 
into the subtropics, produces the mid-latitude baroclinic zones, 
and. in turn, these baroclinic zones supply the available potential 
energy for generating the eatratropical wavc-cycioncs. (What the 
figure does not show is the very large longitudmal vanation of the 
cumulus condensation heating in the tropics, which also affects the 
circulation.) 

The ability of a general circulation model to simulate (and 
P* edict) clmiate will, therefore, greatly depend on how well the 
model simulates the heatmg of the atmosphere; and especially, on 
how wcU It simulates the heating by cumulus condensation and 
convection. 

It would be ideal if mcaauremcnts could reveal how the hori- 
zontal difThbutiofl of the Hcasc of il«c latent **icat of condcnation 
vanes with ekvation. But even if we can only measure the hon- 
zontai distribution of the total latent heat release, as evidenced by 
the precipitation that reaches the earth’s surface, that wo*iid be 
very useful. It would be nifHcicnt to kno^v the prcci itation aver- 
aged over a day . averaged over ireaa comparabk t ; gnd-areu 
of the general circulation models (which presently arc about (200 
km)^ to (400 km)^ , but by the end of this decade will probably be 
(50 km)^ to ( 1(X) km)^ 1 , and with an accuracy, ir this time- and 
space-Bverage, of about 0.5 mm/day (which, for the regions of 
above avenge precipitation, la an accuracy of about 10%). 

It would be helpful if, concurrent with the precipitation mea^ 
lurements, theie wer* alao meaaurcments of the diatnbution of the 
cloud top hetghi.i (aitd, especially, of the cumuli/orm clouds, 
wmch convect tU rekased heat upwarda) 

2. Globa! Measurementt of PreapiUtion for the initialization 

of bod Hoktuie 

A review and intarcompanaon of a number of climate eenup 
fmty eapenmania made with different general circulation models, 
shows that the omulalrd Helds of temrenilure, motion and pre- 
cipitation greatly depend on the sod moiaturc. anti that this de- 
pendence haa a time scak of several months (Mintz, 1981.) It is, 
therefor*, of utmost imrortancc for climate simulations and 
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Fig. 1 Zonally-averaged heating of the atmosphere, in January, as calculated 
in a numerical simulation experiment (Schlesingcr and Mintz, 1979). Solid 
line contour interval is 0.5*C day** . Top panel: Solar plus longwave radia- 
tional heating. Second panel: Large scale condensation heatmg. Third panel * 
Heating by cumulus condensation and convection. Bottom panel- Total heat- 
ing (sum of the Tint three panels, plus sensible heat transfer from the under- 
lying land and ocean.) 


climate predictions to know the amount of moisture in the 0 = /J(W. W*) 

soil. 

and 

One way of determinmg the amouiii of moisture in the 
is by integration of the soil moisture contmuity equation. In its Ep * Ep (T). 

most simple, but non-tnvial form, this can be *.vritten 


(3) 


(4) 


dw 

dt 




W* 


where 


E 


0 E 


P 


( 1) Here, W is the amount of tvapotranspu^tion-avaiiablc moisture in 
the soil, W* is the maximum available moisture that the soil can 
hold, P is the precipitation rate, E is the rate of evapotranspiration, 
0 is the evapotranspiration coefficient, Ep is the rate of potential 
evapotranspiration, and T is the temperature of air near the surface. 
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Figure 2 shews an example of the calculated soil moisture 
obtained by cyclic integration of equation { 1 ) over the year, when 
P IS the normal observed precipitation; W* is 15 gm/cm^ , & • 

1 - when P< Ep, andd « 1 when P> Ep; and 
Ep IS obtained from the empirical formula of Thomthwaite. using 
the normal observed surface air temperature. (See Mintz and Sera- 
fim, 1981). 

One can also use this method to mitialize the soil moisture 
distribution in real time. (See. for example, Louie and Pugsley, 
1981.) The global precipitation measurements that are reouu'cd 
are a continuous time scries of the measured daily (or weekly) 
precipitation, averaged over the compuutional grid areas, and 
with about 10% accuracy in the time and space averages. This 
precipitation, together with the calculated potential evapotrans- 
piration, will produce a rcaJ-timc distribution of the sod moisture. 

3. Global Measurements of Detained Surface Water, for the 

Ini tialization of Soil Moisture 

In th't preceding section, the measured precipitation was 
used to ootain the mfiltration of water into the soil. But there 
may be a better way of determining the infiltration. 

Consider the water balance for the small horizontal region 
shown in Figure 3, where denotes a level that js a few centi- 
meters below the surface of the soil. Then we can write, 

where is the amount of moisture in the soil above the level 


Zq, together with any water that is on the surface: P is the rate of 
precipitation, is the rate of infiltration at the level Zq* *^>zo 
is the rate of runoff above the level z^, and is the rate of 
evaporation of the soil moisture and water tnat are above the level 
Zq, of evapotranspiration of the sod moisture 

that IS below the level Zq, and which, for the most part, is removed 
by the vegetation.) i* the surface runoff into nils whose 

horizontal spacing is several tunes larger than the depth of the 
plant root zone. This is water which will not be avadable for eva- 
potranspiration. 

We will call the 'Metamed surface water” (It is the 

water that gets your ^oes wet when you walk across a field after 
the ram has stopped.) It is, perhaps, the water that can be mea- 
sured from space by microwave radiometry (Schmugge, 1980). 

Although ^zo are ft^*'ctionsofW^ 2 ^, for the 

purpose at hand we need only be concerned with the dependence 
of on W^^. For example, if the measured W^^^ ** 
the field capacity of the sod above level Zq, there wdl be no infil- 
tration. If the measured W^^ is larger than field capacity, there 
will be infiltration. The task will be to measure W^^^ and to 
know the function 

•to - - 

as Ijq wdl depend not only on W^^^ also on the properties 
of the soil and its antecedent wetting. 

In other words, the surface of the earth and the top few centi- 
meters of the sod would be used as a remotely^nseo ‘Meaky nun 
gauge” There wdi be a discontinuity m the ^leakage rate” when 
changes from bemg less than to being greater than the field 



Fig. 2 Sod moisture available for evapotranspiration, in mid*July, as calculated from the observed antecedent rainfall and 
estimated potential evapotranspiration (Mintz and Serafini, 1981). Units: gm/cin^. Maximum* ISgm/cm^ (*1 50mm depth 
of water.) 
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Fig. 3 Concept of the remote sensing of the earth’s surface, 
treated as a **leaJcy rain gauge”. Measurement of the transient 
water within the top few centimeters of the soil is used to calcu- 
late the infiltration into the underlying soil. 


capacity of the soil above level Zq. In addition, if we measure the 
time rate of change of ^ ^ ^>Zo 

occasions immediately subsequent to rainfall events but at times 
of the day when the evaporation is negligibly small, and under 
various conditions for the ratio may be able to 

determine the function 

The requirement will be to measure accurately 
enough, and frequently enough, to determine the total daily area- 
averaged infiltration with an accuracy of about 10%. In this re- 
spect, there may be a practical advantage in measuring the detained 
surface water, W> 2 ^ , instead of measuring the precipitation, P. 

To obtain the daily precipitation to an accuracy of 10% may re- 
quire measurements of the precipitation every few minutes. But 
to obtain the daily infiltration to an accuracy of 10% may require- 
measuiements of houn. 


Addendum 

The above discussion wu addressed to general circulation 
model development and the use of such models for climate simu- 
lations and climate predictions. It was not addressed to the use 
of general circulation models for short and medium range weather 
predictiona, where the accuracy of the initial state of the motion 
field is important. 


Or. Norman Phillips has pointed out that global measure- 
ments of the precipitation, which would provide information 
about the horizontal distribution of the condensation heating, 
may make it possible to use the method of nonlinear normal 
mode inittaliaatlon to obtain the motion field in the tropia, 
where there is a strong interaction between the low level velo- 
city convergence and the heating by cumulus condensation and 
convection. This, in turn, will influence the prediction of the 
motion and weather fields in the extratropics. 

It may also be pouible to do this when the initialization 
method is four-dimensional data assimilation. (See, for exam- 
ple, Miyakoda et al .. 1976; Ghil, et al. . 1979). At present, 
because of inadequate wind observations in the tropics, it is 
largely the model predicted heat of condensation that forces 
the circulation and is the main factor in initializing the motion 
field m the tropics. With measurements of precipitation, we 
would replace the model produced condensation heating with 
the true condensation heating and, thereby, obtain a better 
initialization of the tropical motion field. 

Whichever initialization method is used, the requirements 
are not less than 12-hourly (and preferably 3-hourly) measure- 
ments of the precipitation, averaged over the computational 
grid areas, and with an accuracy of about 10%. If there must 
be a choice (as in the satellite orbit) between 12-hourly global 
coverage and 3-hourly tropical coverage, it is the latter that is 
to be preferred for the motion field initialization. 
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Precipitation Data for Climate Diagnostics 

by 


Eugene M. Rasmusson and Phillip A- Arkin 
Climate Analysis Center 
NMC, NWS, NOAA 
Washington, D.C. 20233 


!♦ Introduction 

Climate diagnostics is concerned with climate fluctuations whose time 
scales are longer than the lifetime of typical weather systems, but shorter than 
the time scales of the "climate normals" used to define climate change. Examples 
of the phenomena of interest are slow moving weather systems such as "blocking 
highs" (Shukla and Mo, 1981), which may produce large regional anomalies lasting 
for a few weeks, pronounced seasonal anomalies, such as the abnormal winter of 
1976-77 over the United States (Edmon, 1980), global scale systems of atmospheric 
"teleconnections" (Wallace and Gutzler, 1981) and large-scale, long period 
ocean/atmosphere fluctuations such as the Southern Oscillation (Rasmusson and 
Carpenter, 1981; Horel and Wallace, 1981). 

Although Initial diagnostic studies may be descriptive in nature, their 
ultimate goals are an understanding of the physical processes responsible for 
the climate fluctuations, and information on the potential predictability of 
the system. 

Precipitation data are required in studies of both the heat and water 
balance of the earth-atmosphere system. Diagnostic requirements for precipita- 
tion data most frequently fall in the following range: 

Temporal resolution - 1/2 - 1 month 

Spatial resolution - 250 - 500 km 

Accuracy - ability to identify significant year-to-year fluctuations 
in precipitation 

Coverage - large regional to global 

Diagnostic data requirements typically range around averages for spatial scales 
of a few hundred kilometers and time scales of a few weeks. However, both the 
averaging period and degree of quantification largely depends on the specific 
diagnostic questions being asked. In any case, the basic sampling density 
in time and space must greatly exceed the time/space averaging element if the 
episodic, small scale character of precipitation events Is to be adequately 
resolved. 

The requirement for a stable method of estimation that is accurate enough 
to Identify significant year-to-year fluctuations Is of central importance to 
climate diagnostics. Observations need not exceed this basic requirement to be 
of significant value in diagnostic studies. This fact is recognized in the GARP 
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16 requirement for a quantitative resolution of four levels of discrimination 
of precipitation intensity over the sea. Even "precipitation indices" which 
are stable but lack absolute calibration are very useful for a broad range of 
studies. 


2. Global Scale Diagnostics 

Precipitation data are required for global scale diagnostics to evaluate 
variations of the major latent energy source regions of the earth. The strongest 
of these regions are located in the tropics, and are clearly shown by maps of 
satellite observed outgoing longwave radiation (Winston et al. , 1979). They 
consist of (1) the South American Topics, (2) the African Tropics, (3) the 
Indonesian - Tropical Pacific area, and (4) the summer Asiatic Monsoon. 

The Indonesian-Tropical Pacific area includes the "maritime continent" 
region of Indonesia, the Intertroplcal Convergence Zone (ITCZ) and the South Pa- 
cific Convergence Zone (SPCZ), which extends southeastward from the New Guinea- 
Soloraon Island region. All four major latent energy source regions show a 
seasonal variation in location and intensity, but only the Indonesian-tropical 
Pacific region exhibits significant Interannual variability in both intensity 
and location. These variations are associated with the Southern Osclllation/El 
Nino phenomenon (Rasmusson and Carpenter, 1981) and are linked to winter circu- 
lation anomalies in the Northern Hemisphere extratropics (Horel and Wallace, 
1981). Consequently, this region, which is located largely over ocean areas 
almost completely devoid of conventional precipitation observations, is of major 
importance in the diagnosis of North American climate fluctuations. 

3. Regional Diagnostics 

Under this category we include the more detailed analysis of tropical pre- 
cipitation, as well as regional precipitation fluctuations outside the tropics. 
Within this context we note two sampling problems which are sometimes given 
inadequate attention; terr- in effects and diurnal variability. 

Examination of a map of mean annual precipitation over the United States 
(e.g. Geraghty et al. , 1973), clearly shows the major influence of terrain on 
the climatological distribution of precipitation. There is a fairly regular 
west to east increase in precipitation across the central part of the nation. 
However, over the rougher terrain of the west, and over the Appalachians and 
Ozark Plateau, the major spatial variance is on scales of 100-200 km or less. 
This small-scale variance must be adequately resolved if unbiased averages are 
to be obtained for larger areas. This often requires a density of surface obser- 
vations beyond what is available. In such cases, the observational requirements 
can probably best be satisfied using a mix of surface and satellite data. 

Diurnal variations of precipitation are most pronounced over land areas 
(Wallace, 1975). However, studies such as those of Gray and Jacobson (1977) 
and Short and Wallace (1980) Indicate that significant diurnal variations may 
also be present over many low latitude ocean areas. 

Rasmusson (1971) described the complex diurnal variation of summertime thun- 
derstorm activity over the United States. Fig. 1 (from his report) shows a 
maximum of activity at some point in the nation at most hours of the day. 
Wallace (1973) made an extensive analysis of diurnal variations in precipitation 
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over the United States and found areas of significant diurnal variability even 
during Che winter season. 



From these and many other studies, it seems apparent that frequent obser- 
vations are required throughout the day to adequately resolve the diurnal cycle, 
particularly over regions of convective precipitation. The 12-hour resolution 
available from a single polar orbiter satellite may provide useful data for 
evaluating year-to-year variations In precipitation, particularly for averaging 
periods of a month or more, but Is unlikely Co provide reliable quantitative 
resolution of the diurnal cycle. 

4. Use of Satellite IR Data 

There is at present no general technique for obtaining routine global 
estimates of precipitation on diagnostic time and space scales. However, a 
number of techniques have been developed to Indirectly estimate convective 
rainfall using visible and/or Infrared (IR) Imagery from satellites. Most of 
these methods are based on the notion that deeper convective clouds might 
produce more rain and on observational findings which show that regions of 
rainfall tend to be correlated with bright (In visible Imagery), cold (In IR) , 
clouds (Sikdar, 1972; Griffith and Woodley, 1975; Reynolds and Von der Haar, 
1975). We will not discuss these techniques here, but will briefly describe 
some statistical results which suggest a practical approach for estimating 
convective precipitation on diagnostic time and space scales. 

Woodley et al. (1980) provides an example of automated rainfall estima- 
tion using IR satellite Imagery. Their method estimates the Instantaneous 
rain rate of a convective cloud by converting cloud area, which Is determined 
by the contlnguous area above (colder than) an empirically determined radiating 
temperature of 253K, to echo area. The conversion requires knowledge of the 
maximum cloud area and the cloud size and sign of change (Increasing or de- 
creasing) of the area. These are used with a set of empirically generated 
functions to determine echo area. Another empirical function of the cloud's 
life cycle Is then used to convert echo area to rainfall. 
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A model such as this requires identification and tracking of Individual 
cloud entities throughout tlieir lifetimes in order to determine surface rainfall 
amounts. While this process is not necessarily too burdensome, given an appro- 
priate Interactive computer graphics system and an experienced satellite meteo- 
rologist, It Is quite difficult to automate. An algorithm for automatically 
Identifying and tracking clouds has been developed (Griffith, et al. 1978), 
but It Is expensive to use on a large scale. Routine global application of 
techniques such as those of Woodley et al. might well prove Impractical. 

Arkln (1979) and Richards and Arkln (1981) (hereafter referred to as RA) 
have examined the statistical relationship between fractional cloud cover and 
rainfall for a variety of time and space scales during the three phases of the 
CARP (Global Atmospheric Research Program) Atlantic Tropical Experiment (GATE), 
which took place from late June through mid-September 1974. The rainfall data 
used In these studies were hourly accumulations In 4 km^ areas derived from 
digital C-band radar measurements complemented by shipboard rain gage data. A 
full description may be found In Hudlow and Patterson (1979). Fractional cloud 
cover was obtained by applying various thresholds to the frequency distributions 
compiled for each 0.5® x 0.5® area In the GATE A/B array by Pollfka and Cox 
(1977). 

In the first study, Arkln (1979) approximated the B scale hexagon with the 
0.5® boxes and compared 6-hour averages of the fractional cloud cover above 
(colder than) various thresholds with 6-hour rainfall accumulations In the same 
area for each phase. Figure 2 (his Fig. 1) shows that correlations >0.8 are 
found In each phase for a range of thresholds centered near 10 km ( 237K). A 
linear function of fractional cloud above 10 km was capable of explaining 75Z 
of the variance In 6-hourly rainfall accumulations during GATE. The regression 
coefficients showed little variation when each phase was analyzed separately. 



Fig. 2 Correlation between rainfall accumulation and fraction of B^scaie area 
covered by clouds above vanous height thresholds. 

RA computed rainfall and cloud area above several different thresholds 
for three regions of different sizes (3140, 28225 and 78400 km^) for each phase 
of GATE. Since not all satellite observations fell on the hour, the fractional 
coverages were linearly Interpolated In time to give hourly values. This 
procedure resulted in comparing Instantaneous fractional coverages to rainfall 
accumulations during the preceding hour. 
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RA computed optimal (least squares) linear models for each combination 
of temporal and spatial averaging scale and several different threshold tempera- 
tures. Their results Indicate that a practical trade-off exists between the 
spatial and temporal averaging scales. For the largest spatial scales, there 
Is little variation of the model coefficients with temporal scale, Indicating 
that the time averaging Is relatively unimportant. For a smaller spatial 
averaging scale, a longer time average is required before the coefficients 
approach a stable value. For the hourly data, the coefficients change consider- 
ably with Increasing spatial scale. They appear to be approaching constant 
values at the largest spatial scales examined. The phase-to-phase variation 
In the regression coefficients is relatively small. 

The variation with threshold temperature and temporal scale for each phase 
and spatial scale of the linear correlation coefficient Is shown in Figure 3. 
The patterns of the correlations for the two largest spatial scales resemble 
each other and the values are considerably larger than those for the smallest 
spatial scale. For both the 1.5® and 2.5® scales, the correlations approach or 
exceed 0.8 during all three phases for broad regions of the temporal scale - 
threshold temperature plane. The correlations generally Increase with temporal 
scale for all three phases, but the increase becomes smaller as the spatial 
scale increases. It appears that averaging spatially is effectively equivalent 
to averaging in time. When a larger spatial average is used, a smaller time 
interval is generally sufficient to yield equally large correlations. 
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Time series of rainfall estimates obtained from these optimized one-para- 
meter linear models were compared with observed rainfall values. The estimated 
values generally reflected the major precipitation events. This is simply an 
Indication that these events correspond to Increases In fractional cove^ag“ at 
a given IR threshold. The success of the simple linear model Implies that 
most major rain producing cloud systems In GATE, when viewed over a lar^'- 
enough area, had an effective mean rainfall rate that did not vary gre ci- 
from event to event. For Individual convective elements, the rainfall r j 
change throughout the elements' lifecycles and probably vary somewhat fron 
cloud to another. However, when the area sampled Is large enough to conta. 
number of Individual elements at various stages of their lifecycles, thes<. 
variations must approximately cancel one another. 

RA also compared the estimates of the one parameter model with other 
results for the GATE area by Stout et al. (1979) and Woodley et al. (1980). 
These methods use a more sophisticated approach of tracking the clouds through 
their lifecycles to more accurately relate smaller scale spatial and temporal 
variations to time-varying rainfall rates. In these studies, estimates were 
made for slightly different areas that that used in RA. Stout et al. made 

hourly estimates for the "master array" for several rainfall events, and Griffith 
et al. made 6-hour estimates for a 3” square, centered on the GATE array. R^ 
found that during the major rainfall events there was a tendency for all three 
methods to produce deviations from the radar estimates that were of the same 

sign. That is, they either over or under-estimate for the same periods. 

This comparison Indicates that while Woodley et al. (1980) and Stout et 
al. (1979) showed that the lifecycle effect, which Is Ignored in RA's model. 
Is closely related to the smaller scale Instantaneous convective rainfall 
rates. Its Importance is reduced for larger spatial and temporal averaging 
scales. When the Woodley et al., and Stout et al. CATE rainfall estimates 

were averaged over large areas (scales on the order of 2-3* of latitude), they 

are comparable to those of the one parameter model. 

Indirect estimation of rainfall using visible or IR imagery requires 
that satellite derived parameters be empirically related to ground truth. 
Because of the complexity of convective precipitation, the relationship will 
depend on the statistical characteristics of the fields involved. Any derived 
relationship Is strictly applicable only to the tlr.e and location for which It 
has been determined. The degree to which It may be applicable to other areas 
and times depend'' on the similarity of the meteorological conditions between 
the two locations. Whatever the relationship may be. It can ultimately be 
Interpreted as one relating an effective mean rainfall rate to the fractional 
cloud cover. In this light, the results of Woodley et al. (1980) who based 
their estimates for the GATE area on relationships derived from observations of 
convective rainfall over Florida, seem to Indicate that the effective rainfall 
rate for both areas Is similar. This seems to Indicate that a sample approach 
along the lines envisaged by Barrett (1970), who proposed assigning a mean 
rainfall rate to various types of cloud, may be useful for time scales of a day 
or more and spatial scales on the order of several degrees of latitude (200-300 
km) . 


For applications such as climate diagnostics, where short time scales and 
small space scales are relatively unimportant, the results of RA suggest that 
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it may be possible to devise a useful rainfall estimation scheme in areas of 
predominately convective precipitation from satellite IR data based on a linear 
relation using a single parameter such as fractional cloud cover. Operational 
use of such a procedure depends on three things: an accurate IR digital counts 
to temperature conversion algorithm; an efficient satellite coordinate to 
lat/long transformation: and a transfer function for converting fractional 
cloud cover to rainfall estimates or indices. 

Considering the broad range of threshold temperatures for which high cor- 
relations exist (Fig. 2), an error of 5K in the digital count to temperature 
algorithm would not pose a problem and larger errors could be tolerated. Satel- 
lite coordinate to lat/long transformations (usually referred to as navigation 
of the satellite image) exist (see Arkln, 1979 for a brief discussion). The 
navigation required to obtain cloud tracked winds (used in NMC analyses) is 
more accurate than would be required for climate diagnostics precipitation 
estimates. 

The transfer function for converting from fractional cloudiness to rainfall 
is undoubtedly a function of position and time. For our purposes, we wish to 
determine long period (monthly) averages of rainfall in the tropics on large 
(250-500 km) space scales. The only work of which we are aware which addresses 
the spatial variation of such a transfer function is that of Woodley et al. 
(1980) who applied functions developed from data over South Florida to the 
entire tropical Atlantic without any modification so far as we know. Arkln 
(1979) and RA found little variation in transfer function from late June through 
mid-September In the GATE area. These results suggest that the transfer function 
may be a weak function of space and time. A further indication is found in 
the work of Heddinghaus and Krueger (1981), who examined time series of emitted 
IR obtained from polar orbiting satellites. They found that on monthly and 
longer time scales the variations in emitted IR were representative of large- 
scale variations in precipitation throughout the tropics. 

While much more work is needed to firmly establish an appropriate form for 
the transfer function, a useful preliminary step for obtaining an index of 
rainfall variability over the tropics might be to simply assume an unvarying 
transfer function of the form outlined here, where rainfall is assumed a linear 
function of fractional cloud cover. It appears, therefore, that ail the requi- 
site elements are available for obtaining useful diagnostic precipitation 
indices for the convective regions of the tropics. The relative simplicity of 
the method which has been outlined makes it an attractive candidate for routine 
operational use. 
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Agricultural Requirements for Precipitation Measurements^ 
Norton D. Strommen'^ Robert F. Dale‘s Raymond P. Motha'^ 


Agriculture is a major user of meteorological data. Precipitation dat^j 
required to meet the needs of agriculture can be divided into three basic 
categories with very different time and spacial resolution requirements. 
These are strategic and tactical planning programs in support of the basic 
farm production unit, real time impact assessment and research programs. 

Real time impact assessment requires that input data meet stringent time 
and cost constraints, but has a more liberal spacial resolution requirement. 
Strategic and tactical planning and research requirements for precipitation 
data include much higher spacial and time resolution at a reasonable cost. 


The suggested orientation for this workshop is to consider a spacial 
resolution from satellite-derived data of 250 km by 250 km with a time of 
from 2 to 4 weeks as a most likely achievable goal. This resolution will 
only marginally meet agriculture' s real time crop impact assessment needs and 
will give the U.S. farmers and researchers no additional information. 

Because of the proposed spacial coverage and time constraints, additional 
discussion in this paper will focus on the potential use for the real time 
crop condition impact assessment. 


The Joint Agricultural Weather Facility (JAWF), staffed by NOAA 
meteorologists and USDA agricultural meteorologists, and the Crop Condition 
Assessment Division (CCAD) of the FAS are both primary agricultural users of 
meteorological information. JAWF is continually looking for and greatly 
interested in adaptation of potential new products for crop assessment. 

USDA‘s initial real time crop condition impact assessment uses soil moisture 
analysis where available and otherwise cumulative precipitation data to 
determine the likely impacts of a given series of weather events on crop 
condition (vigor) and for making estimates of potential yield levels. To 
supplement USDA's needs for surveillance of crop conditions, the CCAD is 
operationally using spectral-digital data from both NASA and NOAA satellite 
sources in its crop condition assessment work. However, both programs (i.e,, 
JAWF and CCAD) cur*'ently heavily rely on the timely (within 24 hours of 
collection) flow of surface synoptic data collected from the WMO-GTS at 
NOAA's National Meteorological Center in Camp Springs, Maryland. 

In many regions of the world, the ground observations are considered 
spacially too sparse to get a good indication of areal coverage lor 
precipitation occurrences. This is particularly true in the tropics and in 
higher latitudes where most summer precipitation falls in the form of 
showers. To extend the limited ground truth data, environmental satellite 
photos are now used to sketch out the probable areal extent likely to have 
received precipitation from a storm or series of storm systems. This 
qualitative extension of precipitation coverage is highly subjective and the 
associated accuracy is sonetimes less than desirable. The satellite data 
has, however, been extremely useful for identifying large areas that receive 
no precipitation, i.e. locations of regions having no cloud cover for 
extended periods. This is only one important application now used on an 
operational basis at JAWF for monitoring developing drought potential for 
large regions around the globe. 
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Another- application, already implemented in operational work, is that of 
extending surface data reports into representative area coverage of 
significant weather events. This is particularly important when surface 
reports are very sparse. Such an application enhances the area estimates of 
precipitation for input as needed to regional type yield models and/or in the 
calculation of regional crop yield indices. In these cases no attempt is 
made to identify local conditions which may vary significantly from those of 
the region as a whole. 

A third application used at JAWF is the verification of the extent of 
possible severe weather events. The NMC cooperates by scanning incoming 
synoptic reports for events wnich exceed a given list of agriculturally 
sensitive criteria, i.e., precipitation greater than 75 mm in 24 hours or 
winds in excess of 50 knots. The satellite cloud formations can often be 
used to help verify whether the reported event is likely to have occurred as 
well as the probable extent of the area covered by the event. 

A fourth JAWF application involves use of satellite data to monitor the 
seasonal shift of the major synoptic features and their associated rainfall. 
The progress of the monsoons over the oceanic areas of the Pacific and Indian 
Oceans can be easily followed with satellite imagery. 

These examples are all qualitative techniques that employ the integration 
of satellite cloud images to enhance available ground truth data. The next 
step is to provide quantification of precipitation amounts for crop growing 
regions fi'orn satellite imagery. The accuracy requirements of agriculture are 
variable. The use of the new products will, however, require that the 
satellite estimates show an improvement over the estimates that can be 
derived from aggregation of the ground data network. The satellite 
precipitation estimates need not be restricted from using ground derived data 
wherever they are available. In fact, it is encouraged that adaptation of 
satellite imagery for estimating area precipitation be developed and tested 
using both the combination of surface and satellite data and using satellite 
data alone. This work, however, should be done in regions where an 
adequately dense ground truth network exists for verification of the 
satellite derived precipitation estimates. To date, evaluation of efforts to 
use satellite data alone indicate this work generally results in 
over-estimation of lighter precipitation amounts and an underestimation of 
the heavier rainfall totals. However, the estimates between the extremes 
were generally clustered closer to the ground truth data network. 

Agriculture users often prefer to convert precipitation data into 
estimates of soil moisture (SM) or plant available moisture (PAV) where PAV 
reflects only moisture in the root zone of the growing crop. Dale 1981, 
reported on work completed in Indiana using the Purdue Soil Moisture 
Simulator (PSMS) to predict PAV and compared these results with measured PAV 
using two different density precipitation data networks. The results (figure 
1) show that the departures from the measured PAV in the top 105 cm of the 
soil generally increased with the decreasing density of ground observations. 
This clearly demonstrates that the research community must approach the 
potential use of the large region precipitation estimates with great caution. 
Certainly, the only potential agricultural user of the large region 
precipitation estimates would be for large area operational crop condition 

assessment, where localized departures are not critical to a successful 
product. 


D-20 



OF POOP. QUALirf 


Additional consideration from the agricultural user's viewpoint is 
timeliness. To be useful, the products should be available to the user 
within 24 hours after the end of the production period in question, be it 
daily, every two weeks or on a monthly time schedule, and at a cost that is 
competitive with the current systems, especially for the basic product. These 
latter points are -aised to ensure that the research planning leading to the 
eventual satellite-derived precipitation products can be cognizant of the 
constraints in the three basic categories. The operational agricultural 
users consider precipitation data as a perishable input, and unlike the 
researcher, they will put timeliness and cost as well as accuracy very high 
in the requirements to be considered. 


Presented "Workshop on Precipitation Measurements from Space," April 28- 
May 1, 1981. 

2 

Chief Meteorologist and Agricultural Assessment Meteorologist, WFAOSB/USDA, 
respectively. 

3 

SEA-CR, Purdue University, W. Lafayette, Indiana. 

4 

Dale, Robert F., "Existing Meteorological Networks," Anaheim, California 
Workshop, March 30-31, 1981. 
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Figure 1. Measured vs. predicted soil moisture in top 105 cm using Purdue Soil Moisture Simulator (PSMS) and 
“county-average precipitation” interpolating linearly from first and second order station networks (•) and with 
precipitation measured at station within 2 km of soil moisture observation site (o). 
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PrtcipitiCion Dctt from Sp«c« M«««ur«m«nCt 


Michael D. Hudlov, Richard K. Farnsworth, and Douglas R. Oraanc 


Hydrologic Rasaarch Laboratory 
National Vaathar Sarvica, HOAA 
Silvar Spring, Maryland 


ABSTRACT 

Tha raquiramanta for pracipitacion oMasuramants fro« space for hydrologic 
forecasting applications are discussed. Tha structure of the hydrologic fore- 
casting sarvica of tha National Weather Sarvica (NWS) is described, and an 
attaapt is aada to astiaata the stapling and accuracy raquiraaants for a range of 
spatial and taaporal averaging scales corresponding to various NWS hydrologic 
applications. Finally, the data base raquiraaants are addressed. Tha critical 
point is aada that for the data sources to be aost useful operationally at tha 
NWS River forecast Centers, the data aust be available on-line in a foraat 
coapatible with coaputer processing. Several data base systaaa are illustrated 
in a scenjsirio for a aulti-sansor rainfall analysis systea (MSRANS). Actually, 
MSRANS is Che softarc existing within the various coaputer anvironaents required 
to preprocass, procasa, and analyse rainfall inforaation froa aultiple sources. 


1. INTRODUCTION AND BACKGROUND 

Hydrologic forecasting in its broadest 
aenae covers the prediction of the quality and 
quantity of all coaponents of the hydrologic 
cycle (Syaposiua on Hydrologic Forecast ing, 
1980). For Che purposes of this paper, however, 
the scope will be restricted to the pequireaents 
for precipitation aeasureaents froa space as 
inputs to the forecasting of quantitative 
streeaflow aswunts for scales ranging froa those 
required to diagnose flash floods to those 
needed for deriving seasonal water supply fore- 
casts. Soae of the aaterial presented also aay 
be relevant to water quality forecasting, since 
water quantities have a direct effect on pol- 
lutant concentrations and thus knowledge of the 
quantity of water and its transport is often a 
prerequisite to the diagnosis or prediction of 
streeaflow quality. 

Specifically, subsequent sections of this 
paper will briefly cover the structure of Che 
hydrologic forecasting service of this country 
and will discuss the spatial and taaporal 
requireaanta for precipitation data to support 
the various hydrologic forecasting procedures. 
Accuracy and data-baae structure requireaents 
also are diaeuaeed. 

2. snucruu or u.s. hydrologic roRECASTiiiG 
siRvta 

The Gongraeaional Organic Act of 
October 1, 1890 and subsequent reorganisations 
assigned to the Weather Bureau (now the National 
Weather Service (NWS)] the duties of the fore- 
casting of weather, the issuing of stora warn- 
ings, the display of weather and flood signals 
for Che benefit of agriculture, eoaaerce, and 
navigation, the gaging and reporting of 
rivers . . . '* The NWS U the only federal 
organlaat ion legally authorised to diseeainate 
river and flood forecasts and warnings directly 
to the public. 


However, aany other Federal and non- 
Federal organisations do becone involved in 
various aspects of hydrologic forecasting. For 
example, the U.S. Aray Corps of Engineers (a 
Federal agency) and the Salt River Project (a 
non-profit organisation aanaged by landowners 
located in Central Arisons) produce their own 
spec rally- tailored river forecasts, which are 
used to supplement the NWS forecasts. These 
special forecasts arc used in making decisions 
pertaining to the operation of their reservoirs 
and other riparian structures, but the forecasts 
are not disseminated directly to the public. 

The hydrologic components of the NWS con- 
sist of headquarters elements and a research 
laboratory located in Silver Spring, Maryland; 

13 River Forecast Centers (RFC's) located across 
the United States (Figure 1); and service 
hydrologists located in many of the Weather 
Service Forecaet Offices (WSFO's). There are 
approximately 50 WSFO's located acrose the 
country with at least one in most states. For a 
further deecription of the relationehips and 
interactions between the hydrologic and meteoro- 
logical components of the NWS, see Clark (1977). 

The current and future hydrologic pro- 
eeduree ueed by the RFC's are discussed by 
Ostrowski (1979). Several types of hydrologic 
models are currently ueed (Schaake, 1978). 

These include Antecedent Free ipi tat ion Index 
runoff models; conceptual hydrologic streemflow 
models, which use rainfall, and/or snowfall, and 
potential evapotrans pint ion as inputs to a soil 
moisture accounting system; streemflow routing 
models: reservoir operations models; and water 
supply forecaet models. The total system of 
models, together with the data collection and 
data processing modules, is called the NWS River 
Foreeaar. System (NV8RF8). Oetroweki (1979) also 
discusses the current types of data inputs that 
are available to NU8RFS. In the ease of pre- 
cipitation, sources range from manually read 
rain gages to remotely sensed measurements from 
land-based digital radars. In the future, the 
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Figure X. The 13 NWS River Forecast Centers and their respective forecast areas. 


role of satellites potentially can becoat 
increasingly iaportant if the requirements 
discussed in the subsequent tuo sections can be 

met. 

3. SAMPLING AND ACCURACY REQUIRSNENTS 

As described by Kohler (1958)| the opera* 
tional problems confronted by the hydrologic 
forecaster can be partitioned according to the 
lead time of the forecast, which is related to 
the time scale for which the forecast applies. 
Kohler gives some of the purposes to be served 
by short-range hydrologic forecasts (referred to 
by Kohler as less than 10 days) and by forecasts 
for monthly or longer time periods. These 
Include : 

Short range forecasts — usually less than 

re d«y. * * 

Kvacuating people and withdrawing movable 
property from the path of an oncoming 
flood. 

Fighting floods — sand-bagging, closing of 
gates in levees and flood walls, planning 
for operation of pumps. 

Operating dams. Particularly valuable for 
flood control, navigation, and multiple- 
purpose structures. 

Planning for loir-flow navigation. 

Scheduling diversion and distribution of 
irrigation water. 

Scheduling power production* 

Planning construction work in or near 
streams. 

Monthly and longer forecasts 

tstaollshing long-range flood prevention 
and control operations. 

Planning for agricultural operations in 
irrigated areas. 

establishing schedules of power operation. 

Planning municipal water supplies. 

Planning for long-range navigation 
activities. 


In the short-range category, the flash- 
flood falls at the shortest end of the time 
scale, occurring in periods measured in minutes 
up to a few hours. At the other end of the time 
spectrum, it is feasible to predict with a fair 
degree of accuracy seasonal water supplies in 
those areas where a large fraction of the runoff 
is produced from snowm e lt; for example, water 
stored in snowpacka provides as much as 
70 percent of the water supply for the western 
states of the U.S. (Chang et al., 1981). 

Most of the streamflow forecast models 
used by the NWS RFC*s require precipitation 
averaged over a basin or sub-basin area as 
input. The site of the area, as well as the 
temporal period over which the precipitation is 
averaged* depend on the hydrologic application 
and on data availability. Quicker data availa- 
bility can lead to improvements in the Mean 
Forecast Lead Tine (NFLT) for a given site 
watershed; but, if the quicker data are less 
reliable, then the reliable HFLT can even 
decrease (Jettmar et al. , t979). 

The frequency of samples required to 
achieve a desired accuracy for a given averaging 
domain will depend on the variabUity of the 
precipitation in time and, since rainfall gen- 
erally is a nonstationary process, the varia- 
bility in space is related to the variability in 
time. Furthermore, the precipitation varia- 
bility is related to the type of precipitation 
which, in turn, nay be related to season for a 
given locality. Figure 2 illustrates how the 
relative variability of average storm precipi- 
tation varies for a AOO mi* network in central 
Illinois (Changnon and Huff, 1980) for several 
different precipitation types. The relative 
variability would increase for all precipitation 
types for averaging increments less than those 
of the total stone periods* 

•ecause the variability of rainfall varies 
with type and location, it is difficult to 
generalise the sampling requirements. However, 
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Figure ?. Relatione between relative variability 
and precipitation type on a 400 «i2 network in 
central Illinois (froa Changnon and Huff, 1980, 
p,40). TRW - thunder itors cases; RW - rain shower 
cases; R,S ■ continuous rain and snow cases. 


for ehort-tere forecaiting applicationf , it is 
informative to examine lome reeults preeented in 
Figure 3 from Hudlow and Arkell (1978). Figure 3 
givea eatimatea of the mean percent error that 
can be attributed to incomplete aempling (i.e., 
temporal aampling error) for various aempling 
intervals and site areas and for l-hr, 2-hr, 

3-hr» and 6-hr averaging intervals. The results 
shown in Figure 3 are based on digital radar 
data collected over the eastern tropical 
Atlantic Ocean during the GARF Atlantic Tropical 
Experiment (CATE). To consider these results is 
of value because the aempling requirements for 
tropical convection in the InteLtropical 
Convergence Zone, idiere the GATE data were 
collected, may not be that dissimilar from those 
for thunderstorm convection in mid**latitudes and 
probably represent the limiting case to be met 
for precipitation sampling from space. 

As mentioned above, the sampling frequency 
required depends on the application. For 
example, the detection of excessive rainfall at 
the smallest spatial scales that can produce 
flash floods will require samples spaced on the 
order of minutes while, as given by Johnson and 
Vetlov (1977), weekly observations are suffi- 
ciently frequent for mapping snow cover for most 
applications. Also, the wavelength and tech- 
nique employed to estimate the precipitation may 
dictate even shorter sampling intervals than 
would be required to achieve the same accuracy 
from direct precipitation measurements. Negri 
and Adler (19$0), for example, suggest that it 
may be necessary to collect infrared satellite 
data at high time resolutions (every 5 minutes) 
if thunderstorm-top ascent rates, estimated from 
the brightness temperatures, are used to infer 
rainfall rates. The reason for this is that the 
tope ascend rapidly aver a short time period 
during the rapid growth phase of the developing 
stagf of the storm. 

Although thsre is very limited information 
available oa sampling requirements for achieving 
nacessary accuracies for various hydrologic 
forecasting applications, we have composited a 
rourt suamary of the requirements based on 
available information end the opinions of several 


hydrologists in the NWS Office of Hydrology 
(Figure 4). The mean percent errors given in 
Figure 4 were arrived at by first conaidaring 
the magnitude of errors tolerable for current 
operational techniques using conventional data 
from land-based precipitation ayatema. Thaae 
initial error valuta were Chan relaxed further 
after conaidering some of the practical and 
technical limitationa likely to be encountered 
in estimating precipitation from satellite 
meaeuremanti . Wa fad that uaers of satallitt 
information nuat be raaliatic in specifying 
accuracies; the "bottom line" to keep in mind is 
that the hydrologic forecaatar will uaa the beat 
quantitative precipitation information avail- 
able. Currently, the availability of auch 
information for computer computet iona often ia 
very limited, aapacially in real or near-real 
clue. Precipitation measurement a from apace 
offer Che potential of significantly incraaaing 
the availability of rainfall information for 
operational hydrologic foracaating applicationa. 

With the above philosophy in aund, the 
mean percent errors given in Figure 4 are those 
which roughly reflect the maximum acctpcabla 
error (which wt can expect to achieve once 
aatellite techniques have been calibratad for a 
•pacific geographic eras and pracipiCaCion type) 
from aacallita aatimataa alone over the range of 
spatial and temporal averaging acalaa indicated. 
The forecaatar obviously would prefer the 
highest accuracy achievable. Convaraaly, pre- 
cipitation aatimataa from aatalUta data with 
accompanying errors larger then those given in 
Figure 4 would atill be quite useful if the 
errors in tha aatallita pattarna are largely due 
to aystemetic biaaaa and if othar independent 
data are available for comparison and melding 
with the setellita data. An example of a multi- 
•anaor precipitation anelyaia ayatem ia pra- 
•antad in Section 4. 

Alao included in Figure 4 are eatimetes of 
minimum tamporel sampling frequeneiaa required 
to achieve the corresponding aceuraeiaa. Thaaa 
sampling frequency requirements era rough osti- 
matea taken from Figure 3 (for tha acalaa 
covered in Figure 3). The aempling frequency 
aatimetea for the lerger acalee, felling outside 
the domein represented in Figure 3, were 
obteined by extrspoleting the results of 
Figure 3 and by referring to deta from other 
authors (for example, Johnaon and Vetlov, 1977). 

4. DATA IASS UQUIUKENTS 

The Netionel leaaerch Council 8pece 
Applicatione loerd (1980) recently concluded 
that recommendations made in 1974 to the 
National Academy of Sciences on remote aenaing 
applications to hydrology "remain valid but 
mostly unmet." The Panel on Veter Resources, 
under the Space Applications loard, optimis- 
tically vitws tha uaa of ramotaly aanaad data 
for raaourca pradiction. Newavar, tha panel 
states that "to be useful for prediction, 
remotely sensed date must be eompetible with 
methematicel modeling of hydrologic systems." 
This is an extremely eritieel point to beer in 
mind for hydrologic forecasting app lie at ions. 

All of the River Forecast Centers rely 
heavily on numerical models and automatic data 
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Figur* 3. UppAr tvc panels: Mean absolute percent difference between rainfall estiaates using 5-nln 

base saapllng Intervals and those using coarser saapllng intervals for a range of spatial averaging and 
tsHporal Integration scales. Lower two panels: Saac as upper two, except a 15-nln base saapllng 

Incerval was used and longer Integration periods were Included. Based on analysis by Hudlow and Arkell 
(1978), who used digital radar data collected over the eastern tropical Atlantic Ocean during Che CAB? 
Atlantic Tropical Experlaent (GATE) . 


processing procedures. For data sources to be 
■osC useful operationally, the data aust be 
available on-line in a fonaat coapatible with 
ceaputer processing. This becoaes increasingly 
laportant as the scale of the phenoaenon being 
forecast decreases and, correspondingly, the 
lead Ciae between the occurrence of the preeipi* 
tatioa and the hydrologic event decreases. Even 
for snow aapping for vster supply forecasting, 
which usually pertains to relatively large 
scales (Figure 4), the large data voluaes froa 
the satellite sensors, and the inforaational 
flov that results, can be aost effectively util- 
ised only if we turn aore to autoaatie (aachioe) 
processing of the iaagery (Meier, 1980). 

Frogress has been aade in recent years 
toward the coaputerised derivation of satellite 
rainfall estiaates. For exaaple, Griffith 
at el. (1981); Uevejoy sad Austin (1979); Stout 
at al. (1979); Scofield and Oliver (1977); and 
Mosea (1980) have developed procedures for eati- 
aating rainfall using data froa visible and/or 


infrared geosynchronous satellites. Also, 

Vilheit et al. (1977) have developed a technique 
for aapping rainfall rates over the oceans using 
aicrowave data froa the Niabus polar orbiting 
satellite. However, none of these procedures 
are currently available on-line for hydrologic 
forecasting. The Oliver/Scofield technique has 
been used on a selected basis to provide accuau- 
lated rainfall aaps to field offices during 
critical rainfall events, and plans exist to 
partially eutoaatu this technique using a asn- 
aachine interactive systea (Moses, 1980). This 
systea, called ar, Interactive Flash Flood 
Analyser (IFFA) will be used in support of the 
NWS Flash Flood Warning Frograa. 

lecognisiAg the need to autoaate the use 
of inforaation froa ailtiple rainfall sensors 
for hydrologic applications, the IfVg Office of 
Hydrology, through its Hydro logi** Research 
Laboratory (NIL), initiated the ongoing Hydro- 
logic Rainfall Analy*.s Froject (HIAF). HRAF is 
aiaed at iaprovinp «he acquisition, preprocessing, 
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Fl|ur« 4. MaxImus acccpcablA mmmn p«rc«nc Arror (fine vaIua In ch« pArAnch«A«t) tt a function of 
CAsporAl And spAClAl AVAtABlng acaIaa. AIao AACltBACAA of th# alnlautB CAsporAl JAspXlng frcquAnclAA 
(AAspliA p#r dAy) rAqu^nd to AchlAVA chA accutacIaa tr# givtn aa cHa AACond vaIua in th# pAtAnchAAAA. 
lArgtr Atron would bA ACCApcmblA if chA Arrort in thA AACAlliCA pAtCArnA AtA pri«Arlly duA to 
AyACAttACic blAAAA And If ochAr indApAndArc diCA mr# AvailAblA for coapArlAon And Mlding with chA 
AACAlliCA dACA. 


SPATIAL AVERAGING INTERVAL 


1 k.' 


10 ka^ 

100 ka^ 

• 

1.000 ka^ 

• 

10,000 ka^ 

• 

100,000 ka^ 

• 



flash 

Flood A d \ 

^ 1 A 0 r 1 A A 



0.5 hr- 

(100, 

144) 

(75, 144) 

(40, 24) 

(15, 24) 


1 hr- 

( 75, 

96) 

(60. 48) 




2 hr- 

( 50, 

48) 

(60. 24) 1 

[Flash flood advlAorlsA, rlvsr forAcast. 


Soil ■oiaCurA condlcion AVAluAClonA* 
rAAArvolr oporAtlonA 


M 

C 

6 hr- 

( 50. 

24) 

(45. 

18) 

a 






« 

> 

< 

1 day- 

( 45, 

24) 

(40. 

8) 


Soil BolACurA condicion AVAluACion, 


AOll ■olAturA condlcion AVAluAClona *** 
(20, 24) (20, 24) 


RivAr forccAACing, wacaf aCfuccufaa 

dAAlgn SAAlUFAMnCA**^ 

(15, 48) 


(15, 24) , 


(15, 18) 

GEOSYNCHRONOUS DATA 
fOLAi'oiiiTlI DATA*' 

(IJ. 2)» 


Crop ylAld, wacaf Aupply foFACAACA, 


rAAArvolr opAraeionA And hydrocllMtology ihydrocllsACology, wacaf acfuccufaa 

IdAtlgn AAAAurAMnCA*** 

1 wMk- ( 30. A) (15, 2)*1 


( 30. *) (15. 

(XOSYMCHIUWOUS DATA 


~roLAt oiilfit data* 

1 aoach- Soli aolacurA, hydroclloAtology and wacaf 
AC rucCurAA dAAlgn MAaurt*AnCA 

( 20, 2)** (15, 2)*i 

1 ytar- 


( 10 . 2 )* 


^LiaiCAd dAlly AAniinga (Iaaa than 4) can faauIc in Aignificant biatAA whan diurnal affacca 
ara Incroducad Alchar by aAtAorologlcal or oAnaor Affarta. 

•A ^ 

If Aignificant diurnal Affacca do nor axiat, data froa high apaclal raaolucion aaCAlliCAa 
auch aa LANDSAT could be uacful avan with longar Incaraaapllng IntarvAla* 

^**CAClaACAA for ChAAA appllcaClona and corraapondlng acalaa FAquirt ralatlv^Iy aaallAF accopcabla 
arroro bacaua# chay ara aora highly procaaAAd and art of a aort quanticaciva nacura. 


quality eonerolUng, and optiaal aarging of 
auiei-aanaur daca bataa for iapuc to hydrologic 
foracaaeing aodala (Graana ac al., 1979). In 
ChA foraatAabla futura, it aataa likaly Chat it 
will raaain nactaaary to eoapart and eoabint tht 
raaotaly Atnaad •atallict daca with daca avail- 
abla froa land-baaad raaoca aanaora and/or in 
aitu aanaora (rain gagaa) in ordar co aehiava 
cha quanCiCacivA aceuracita rtquirad foi hydro- 
logic foracaaeing. Alao, rain-gaga daca art 
probably ona of Cha battar ^'ground cruch" 
aourcaa for avaluating tha aarica of varioua 
•acallita rainfall aaciaation procadurtt. 
farnavorch and Cantarford (1980) propoaa cha uaa 
of an "aquivalane rain-gaga danaicy" for aaaaaa- 
ing tha accuracy of artullita rainfall aaciaaeaa 
aa indicated by cha gaga danaiey raquirad co 
giva aquivalant accuraciaa. 


figurt 5 illuaeracaa cha varioua daca 
cottponanta and coapuctr facilicita currancly 
tnviaionad to coapriaa a NulCiaanaor Rainfall 
Analyaia SyaCaa (HSRANS). Actually. HSRAMS ia 
tha aofcwarc that axitca within cha varioua 
cowpuctr tnvironaanrt Soaa of Cha individual 
eoAiponanta of N8RANS ara on^lina now (for 
txAApla, cha Manual Digitiiad Radar (M>R) fila 
and cha Viaibla/lnfrarad Spin Scan Radiowatar 
(VISSR) fila]. for an axplanaelon of tha daca 
acquiaicion and tha ganaration of Cha VISSR daca 
baaa froa Cha Gaoat at ionary Oparational 
Cnvironaancal Satallita (GOtS), saa McClain 
(1980) and Watara and Graan (1979). Othar 
MSRANS coaponanta ara not now on*lina (for 
axaaipla, tha RfC Gatavay Coaputara), but all, or 
at laaat tha aaaantial, coaponanta ahould ba in 
aiiitanca within a yaar or two. It will ba a 



MSRANS 

(multisensor rainfall analysis system) 
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con«id«r«bl/ longer p«riod» how«v«r, b«for« Che 
eot«l lyitca will b« functioning in an optiaal 
Multiaanaor analyaia aoda. Achiaving thia goal 
raquiraa ongoing raaaarc^ and davalopiwnt ovar 
tha naxc aavaral yaara to iaplaiKnC milt ivar iata 
objactiva analyaia procaduraa inch aa thoaa 
daicribad by Craaford (1978). Thia ia ana of 
Cha objacti^aa of HM? (Graana at al.p 1980). A 
aiailar projact ia undar vay in tha Unitad 
Kingdom (Colliar, 1980). Satallita data baaa 
atructuraa in tha futvira ahould ba plannad to 
accoModata tha tynaa of nuaarical aultivariata 
analyaaa baing davalopad aa part of thaaa 
projacta. 
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Introduction 

The objective of this paper is to describe 
the needs for precipitation information In severe 
storms research and 1n the operational detection 
and forecasting of such phenomena. For the 
purposes of this paper, the discussion will in- 
elude thunderstorms, tropical cyclones, and 
regional and mesoscale numerical models used to 
analyze and forecast these and other regional 
scale phenor«na. 

This article will not cover general enn- 

accompanying require- 
ments for hydrological data. Instead it win 
focus on the requirements for observations of 

mod«u!* ^ requlrefnents for numerical 

the rapidly changing nature of 
phenomena, the time and space 
necessary observations 

SnS stringent requirements of 

following sections 

♦fffrll* phenomena and present a 

Mch of observational requirement*, for 

each phenomena. The potential and limitations of 

Instrumentf Sna*!**’? Satellite 

instruments and techniques are briefly discussed. 

^ Ral^ of Heavy Convecti 
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a. Background 

thunderstorms. 
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ItSmfdMr ^®^®*'® **eather 

rw^l« Mor ? Straight line winds), 

Fo 2 erf.h It *'“> temporal resolution data 

this high resolution 
rainfall rate, especially at the 
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acent attempts to obtain useful data on the 

and space scales from geSsynchro- 
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observation of cloud 
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rainraii, the lack of a strong physical 

basis for the empirical relatlons^make 
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(precipitation rate, precipitation/no precipita- 
tion, precipitation type). Desired requirements 
are listed, along with mini mum requirements 
needed to obtain useful information. 

The desired requirements (last column) in 
the precipitation rate clearly indicate the 
need for high time and space resolutions. The 
rain/no rain requirements are less stringent 
because we are trying to observe on the scale of 
whole rain cells or areas and not the scales of 
rainfall rate maxima or variations. Although 
rain/no rain information has no direct bearing 
on flash flood analysis, it may be a* valuable 
contributor to a larger scheme. 

Although hail detection is obviously not 
a part of flash flood analysis directly, it is 
included in this thunderstorm section. High 
time resolution is the key factor here. 

From a satellite observation standpoint, 
the time resolution requirements in this section 
preclude anything except a geosynchronous orbit. 
Based on present knowledge, no direct estimate 
or rainfall rate can be made from that altitude, 
although there are possibilities for rain/no 
rain determination using passive microwave 
sensors. Rainfall rate information would then 
be dependent on Inferences drawn from cloud data 
deduced from visible and/or Infrared observations. 
For Intense rainfall situations, this may be 
possible. 

3. Tropical Cyclone Rainfall Over Water 

a. Background 

Observations of tropical cyclone rainfall 
over water are important for three reasons: 

1) studying and monitoring storm latent heat 
release and rainfall patterns in relation to 
storm energetics; 2) estimating rainfall po- 
tential at landfall; and 3) model initializa- 
tion of tropical cyclone models. 

4 

Adler and Rodgers (1977) and Rodgers and 
Adler (1981), using rainfall rate information 
deduced from the Nimbus-5 Electrically Scanning 
Microwave Radiometer (ESMR), have shown the data 
to be useful in determining the rainfall 
characteristics of these storms and the data 
appear to be potentially useful in monitoring 
and making short-term prediction of their 
Intensity. 

Comparison of the ESMR-5 derived total storm 
rainfall calculations with previous estimates 
based on moisture budget computations or 
composited rainfall statistics indicate good 
agreement for both mature systems (typhoons) and 
disturbances, except in the inner core where 
ESMR-5 measureiT»ents seem to underestimate rainfall 
rate. The calculations confirm that total typhoon 
rainfall is approximately twice that found in 
disturbances. 

Case sti'dies as well as composite studies in- 
dicate that the increase In \ihe CSMR-5 derived LHR 
corresponds to storm intensification. In 
addition, the relative contribution of the heavier 
rainfall rates to the total storm raunfall also 
increases as tropical cyclones intensify. There 


also Is a tendency for the rainfall to concen- 
trate toward the center during intensification. 

It also appears that these ESMR-5 derived 
rainfall parameters can be used to detect the 
beginning of tropical cyclone intensification. 

By monitoring the trend of increasing LHR, 
the first indication of tropical cyclone inten- 
sification may be obtained 1-2 days prior to the 
tropical cyclone being named and often prior 
to the first reconnaissance aircraft observation. 
Further, the time of maximum intensity may be 
estimated by observing the time of maximum LHR. 
There appears to be a 1-2 day lag relationship 
between maximum LHR and maximum tropical cyclone 
Intensity. 

In addition, knowledge of total storm 
rainfall, and rainfall distribution in the 
storm just before landfall, may be helpful in 
forecasting coastal flooding. Use of rainfall 
information In model initialization efforts 
will be discussed in Section 4. 

b. Tropical Cyclone ‘iequi remen ts 

Table 2 presents tentative requirements for 
rain information in tropical cyclones. Although 
high spatial resolution is desirable for good 
definition of rain cells, average rain rate over 
a larger area ( 20 km) would be useful in making 
many calculations. During the developing stage 
of a tropical cyclone, rainfall undergoes 
dramatic changes over 12 or 24 hours. To 
accurately monitor these changes requires time 
resolution of at least 6 hours. With a much 
higher time resolution (30 min) large cells 
could be tracked and th61r motion and evoluton 
followed. 

Although rain/no rain information would be 
much less valuable then rain rate, it would be 
useful In the developing stage of the storm 
where the area of rainfall expands rapidly and 
would also be useful in observing the motion of 
rainfall features, including spiral bands. 

From a satellite observations standpoint, 
the minimum requirements are obtainable. 

Passive microwave sensors on low orbiting 
satellites can provide the time and space reso- 
lutions listed. The higher time resolution in 
the "desired" column calls for geosynchronous 
orbit, but this eliminates rain rate informa- 
tion at reasonable resolutions. It may be 
possible to provide rain/no rain information at 
40 km and 30 min resolutions. The high time 
resolution may be achieved by a hybrid approach 
using occasional (6-12 hr) passive microwave/ 
low orbit data and hiqh time resolution visible/ 
IR or rain/no rain data from geosynchronous 
orbit. Whatever approach is used, only satellite 
data have the potential to provide observutions 
of tropical cyclone rainfall over open ocean. 

4. Model Initialization and Verification 

a. Background 

Regional scale and mesoscale numerical 
models are important in the forecasting and 
understanding of precipitation events. However, 
precipitation information may also be important 
in the initialization and verification of such 
models. 


D-32 



\ 


j 


ORIGINAL 
OF POOR 

Numerical models of this type are typically 
initialized with temperature, pressure, moisture 
and wind information at synoptic scales. 

Information at smaller scales can be added 
through low orbiter sounding data, geosynchronous 
sounding (VAS) and some “cloud-track** winds. 

However, rain rate data woula provide indirect 
evidence of divergence and the ageos trophic 
component of the flow on sub-synoptic scales. 

This approach has been used by Tarbell, 
et a1. (1981) to indicate a forecast improve- 
ment when using observed (rain gauge) rainfall 
against no rainfall information. Rainfall rate 
information may also be useful in initializing 
tropical cyclone models. 

Rainfall information is also important in 
verifying regional models. This is because 
it Is one of the most Important forecast 
variables on this scale, and is the only 
variable routinely observed at the mesoscale, 
even with rain gauges. 

b. Regional Scale Numerical Model Require- 
ments 

Table 3 presents the precipitation rate 
requirements for modeling. Basically, what is 
needed for initialization is information at 
every three-dimensional grid volume in the model, 
although the vertical distribution of latent 
heat release can be parameterized. Emphasis 
should be on the higher rainfall rates, since 
these will be related to significant divergences 
and ageos trophic components. For initialization, 
information is required over the model domain 
at one time, preferably the initial time. For 
model verification, observations are required 
with a frequency of approximately one hour. 

5. Conrlusions 

There is a spectrum cf uses and potential 
uses for rainfall Information In the severe 
storms area. The spectrum ranges from the 
direct use of rainfall rate information in flash 
flood detection and study, to tropical cyclone 
rainfall and its relation to storm energetics 
and intensification, and to model Initialization 
and verification with rainfall data. 

The observational requirements vary from 
application to application. Although some of 
the requirements could be met with low-orbit 
satellite observations, the high time 
frequency (down to tens of minutes) of some of 
the requirements requires geosynchronous 
observations. This high altitude negates most 
ideas of a "direct" observation of rain rate 
with microwave techniques, but does not pre- 
clude a hybrid technique with a microwave 
rain/no rain sensor to give coarse rain bounda- 
ries and rain magnitude to be estimated from 
cloud top information derived from visible and 
infrared channels. 
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Table 1 


Thunderstorm Rainfall /Flash Flood 


Precipitation Rate 

Minimum 

Desired 

Horizontal Res. 
Vertical Res. 
Time Res. 

Area Coverage 
Accuracy 

10 km 

30 min 
500 km 
30% 

1 km 
3 km 
10 min 
1000 km 
10% 

Prorioitation/No Precipitation 


Horizontal Res 
Vertical Res. 
Time Res. 

Area Coverage 

40 km 

"Thr 
500 km 

10 km 

15 min 
1000 km 

Pr^rloitation Type (hail/rainl 


Horizontal Res. 
Vertical Res. 
Time Res. 

Area Coverage 

10 km 

15 min 
500 km 

1 km 
3 km 
5 min 
1000 km 

Table 2 



Tropical Cyclone 

Rainfall (over water) 

Precipitation Rate 

Minimum 

Desired 

Horizontal Res. 
Vertical Res. 
Time Res. 

Area Coverage 
/*:curacy 

20 km 

6 hr 
1000 km 
30% 

2 km 

3 km 
30 min 

1500 km 
10% 

Pr»c1o1tation/No Precipitation 


Horizontal Res. 
Vertical Res. 
Time Res. 

Area Coverage 

40 km 

T“hr 
1000 km 

20 km 

30~min 
1500 km 
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Fig. 1 Maximum observed reflectivity of 24 
min duration (dbz) vs. minimum 
blackbody temperature. Note high 
reflectivities associated with tropopause 
penetrating storms (from Negri and Adler. 
1981). 


Table 3 

Model (Regional and Mesoscale) 
Initialization' and Verification 


Precipitation Rate 

Minimum 

Desired 

Horizontal Res. 

100 km 

25 km 

Vertical Res. 

4 km 

2 km 

Time Res. 

1 hr 

15 min 

Area Coverage 

3000 km 

5000 km 

Accuracy 

25% 

10% 
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GLOBAL WEATHER REQUIREMENTS FOR PRECIPITATION MEASUREMENTS 

by 

John H.E. Clark 
Pennsylvania State University 

Meteorologists have for a long time appreciated the fact that moisture can 
play an important if not dominant role in supplying energy to tropical and 
extra-tropical weather systems. In the tropics where the air is almost 
saturated only the slightest amount of uplift is required to inUiate the 
release of vast amounts of latent heat to fuel systems as diverse as con- 
vective cloud clusters and hurricanes. The role of latent heating on 
extra-tropical systems is much more subtle. While the primary energy 
source for synoptic-scale systems is often the release of gravitational 
potential energy through the sinking of cold air and the rising of warm, it 
seems that the latent heat that is eventually realized through slow uplift 
of large masses of air can significantly modify the evolution of the 
system. We are currently performing an analysis of the energetics of the 
storm of March 25 to 27, 1978 over the eastern USA to understand the impli- 
cations of the heat released due to the vast cloudy area associated with 
warm frontal overrunning. Figs. (1) and (2) illustrate the energetics of 
the storm with and without the effect of latent heating on the vertical 
motion field and thus the horizontal convergence field accounted for. Note 
the large changes in the transformation between available potential and 
kinetic energy. For instance, the conversion between zonal mean potential 
and kinetic energy has reversed sign and almost increased by a factor of 
twenty in magnitude due to the latent heating. Clearly the latent heat 
will play an important role in determing the evolution of this mature 
system. 

Mid-latitude meso-scale systems are also fueled by latent heat release but 
in a different manner. The dominant mode of uplift is convective such as 
that associated with convective cells in a squall line. In many cases the 
systems, once initiated, are mainly driven by the convective heat release 
and larger scale baroclinlc energy conversions play only a minor role. 
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Figure I . Energetics of East coast storm of March 25 , 1978 where effects of latent heating 
are not accounted for. P and K represent available potential and kinetic energies. 
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Figure 2. Energetics of East coast storm of March 25, J978 including effects of latent heating 
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Through the use of conceptual models such as CISK, dynamicists have been 
able to understand the consequences of latent heat release on tropical 
systems despite the paucity of rainfall and moisture data. The more subtle 
effects of latent heating on extra-tropical systems will require much more 
extensive observational coverage of moisture and precipitation to help us 
understand it's consequences. Consider the flow chart in 


SOLAR heating 
S 

INFRARED COOLING 



Figure 3. Schematic illustration of the role of moisture and liquid 
water in a synoptic system. 


Fig. (3) that will help us in understanding some of the effects of water on 
a synoptic scale system. Horizontal and vertical motions both affect the 
distributions of liquid water and water vapor. When vapor condenses the 
resulting latent heating can in turn create horizontal temperature 
gradients and vertical motions result to maintain a state of geostrophic 
and hydrostatic balance. Thus there is a complicated nonlinear inter- 
action between the moisture and liquid water distributions on one hand and 
the motion field on the other via the agency of latent heating. An indica- 
tion of how much condensation and thus latent heating is occuring is 
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provided by the field of precipitation. This is more clearly illustrated 
by considering the total mass of liquid water (M^) and vapor (M^) in a 
vertical column. We can write the following equations: 

HM 

‘^^w Horizontal Advection .aqs . 

dt * of Liquid Water “ cloud 

(Evaporation of Rain) - (Precipitation) (1) 

^^v Horizontal Advection w^^ pdz 

^ of Vapor t 

+ (Evaporation of Rain) (2) 

where the evaporation from the ground has been neglected. The integral 
term measures the condensation associated with the cooling of rising 
saturted air in the clouds. From Eq. (1) we see that if steady state is 
assumed and the horizontal advection and evaporation of rainfall is 
neglected, the precipitation is a measure of condensation in the cloud. On 
the other hand if Eqs. (1) and (2) are added and the less restrictive 
assumption mode that the total storage of water substance in the column is 
small, we see that the precipitation reflects the total advection of vapor 
and liquid water into the column. The conclusion is that precipitation 
measurements by themselves will not be adequate to enable us to unravel the 
effects of latent heating on synoptic scale systems or for that matter the 
general circulation of the atmosphere. Satellites in conjunction 
conventional observations must provide us with simultaneous distributions 
of water vapor, liquid water, and precipitation if the complex interac- 
tions between the motion fields and the moisture fields are to be 
understood. 

There are simple methods of discerning the immediate effects of latent 
heating on vertical motion fields derived by solving the thermodynamic 
equation or the quasi -geostrophic omega equation, but it is impossible to 
check the accuracy of these techniques without the ground truth provided by 
reliable moisture, liquid water, and precipitation measurements. 
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A problem that frequently arises in the analysis of precipitation data is 
that they tend to be very spotty. Local values of rainfall rates are 
strongly influenced by orography and thus a single station can be very 
unrepresentative of regional rainfall rates. Furthermore if c'^nvective 
precipitation is occuring in a system, the proximity of a station to a cell 
can completely influence the rainfall rate and mean rates over an area are 
difficult to evaluate. Thus it is often essential to measure precipitation 
with a very dense network. 

If we are going to develop a thorough understanding of moisture as it 
affects not only the general circulation but synoptic and meso-scale 
systems, we must have the capability of sensing precipitation over a fairly 
dense network of station and simultaneously sense vapor and liquid water 
distributions. Unfortunately over oceanic regions where satellite micro- 
wave measurements of total liquid water content of che atmosphere are 
apparently straightforward, precipitation measurements are lacking. Over 
land microwave measurements of liquid water are difficult because of the 
rapidly varying brightness temperature of the ground, but precipitation 
measurements are possible. 

Global requirements for precipitation measurements are 3-hourly measure- 
ments with an average separation between stations of no more than 100 km at 
least initially. The present network of stations over North America could 
probably be beefed up to satisfy this requirement. Coarser scale measure- 
ments of vapor and liquid w^.ter must also be available however. The con- 
ventional radiosonde network could provide the vapor data but the 
technology do<*s not exist to provide the liquid water data unless the NOAA 
radar network could be utilized for this purpose. 
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SAMPLING PROBLEMS: THE SMALL SCALE STRUCTURE 
OF PRECIPITATION 


R, K. Crane 

Thayer School of Engineering 
Dartmouth College 
Hanover, New Hampshire 03755 


ABSTRACT 


Results of a radar study of summertime convection in the high 
plains of Kansas are presented which demonstrate the importance of 
the small scale structure of precipitation to the overall 
production of precipitation in a storm. The smaller scale structure 
must be modeled to develop valid relationships between satellite 
observables and precipitation amount. The Kansas results suggest 
that just the observation of the number and spacings of the active 
regions of convection (thunderstorms) is sufficient to provide an 
estimate of water flux with an uncertainty of less than a factor of 
two. 


INTRODUCTION 


Satellite systems proposed for precipitation measurement suffer 
from a variety of defects. Observables, such as reflectivity or 
attenuation for satellite borne radar systems, brightness 
temperature for microwave radiometers, or radience for infrared 
radiometers, are not linearly related to rainfall rate and the areal 
integration of the observable over the field-of-view of the satellite 
system is not proportional tc water flux (area integrated rain rate). 
Due to the non-linear dependence of an observation parameter on rain 
rate, or single value of the parameter can correspond to a number of 
different values of water flux. As a result, the water flux value 
can be estimated only statistically. The smaller-than-the-field-of- 
view scale rain rate variations must be taken into account before a 
water flux estimate can be made and, lacking observations on the 
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smaller scale, a statistical guess must be made to transform an 
observation into a water flux estimate. 

Precipitation amount, not water flux, is the goal of most 
precipitation measurement systems. Precipitation amount can be 
obtained by integrating a time series of water flux measurements but, 
with the exception of observations from a geostationary satellite, 
satellite observations are made only infrequently. The estimate of 
precipitation amount from infrequent samples of water flux must be made 
statistically. 

The statistical estimation of water flux from satellite observations 
and precipitation amount from a sparse set of water flux estimates re- 
quires the use of models developed from an understanding of the small 
scale structure of precipitation and from an understanding of the 
diurnal, seasonal and geographical variation of the precipitation 
process. In this paper, information is presented on the small scale 
structure of precipitation. The data were obtained in the high plains 
of Kansas during the afternoon and evening hours of three consecutive 
summer observation periods. Similar data are not currently available 
from other times of day, seasons, or geographical locations to provide the 
complete set of data required to generate the models necessary for 
the extraction of precipitation amounts from satellite observations. 

SMALL SCALE STRUCTURE 


A C-band weather radar was employed to routinely observe the 
small scale structure of precipitation during the 1976-1973 
measurement seasons of the Kansas HIPLEX Program (Crane and Hardy, 
1981). The radar data were processed to provide statistical data on 
the small, three dimensional radar cells evident in the radar 
observations. Radar volume cells were automatically detected using a 
half scattering value to define the cell boundaries (Crane, 1979). 

The small regions of higher reflectivity, and therefore rain rate, are 
the regions that contribute to the uncertainty in the estimation of 
water flux averaged over the field-of-view of the satellite. 
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Of Hut'.;' g..-AL.iTY 

Empirical density functions for the volume cell descriptors, 
reflectivity, area at the height of peak reflectivity, and lifetime 
are presented in Figures 1 through 3 respectively for one of the 
observation days are presented in Table 1. Two tyoes of cells are 
described in the figures, significant cells and all cells. The all 
category includes all the observed cells with lifetimes of 10 or more 
minutes. Significant cells are cells with a pronounced vertical 
development or a high reflectivity (see Crane, 1979 for a detailed 
description). 

The volume cells were not uniformly distributed throughout the 
rain (radar echo) region. Cell clustering was evident with clusters of 
3 or more cells corresponding to regions of active convection (thunder- 
storms). The number and spacings of the clusters was found to be an 
important indicator of the water flux produced by a storm during its 
most active period of production as observed by a single radar. 


OBSERVED WATER FLUX 


Water flux estimates were obtained from the radar data using a 
single fixed reflectivity vs. rain rate relationship for all the data. 
The time integral of the water flux, the water mass, was calculated for 
each of the storm days and is presented in Table 1. The water flux at 
the time of maximum production as observed by the radar was used to 
explore possible relationships between the numbers of cells, their 
spacings, and the water flux. The water flux normalized by the 
number of cluster (isolated significant cells and clusters-SC - 
see Crane and Hardy, 1981 for a detailed analysis) was found to display 
little day-to-day variation. The observed distribution of water flux 
per SC values could be approximated by a log-normal distribution as 
shown in Figure 4. The observed variance was about the same as the 
day-to-day va>"iance expected for radar calibration. To first order, 
a count of the number of SC (thunderstorms) could be used to estimate 
the water flux. 

A more detailed analysis of the variation in water flux per SC 
showed that it depended on the observed nearest-neighbor spacing 
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between 5Cs. The data indicate that if the nearest neighbor distance 
to mixed layer depth ratio approximated the width-to-depth ratio 
expected for Rayleigh - Benard convection the water flux per SC values 
were higher than for other width-to-depth values. This observation is 
consistent with the expectation that Rayleigh-Benard convection operates 
to maximize vertical transport and therefore to maximize water flux. 

CONCLUSIONS 


The radar data from Kansas indicate that the small scale 
organization of the convective elements (volume cell clusters) is 
important to the amount of precipitation produced by a storm. In 
Kansas suitmertime precipitation, a count of the number of thunderstorms 
(SCs) and a measure of their spacing is sufficient to obtain an estimate 
of water flux within a factor of 2. The water flux estimate from just 
counting the thunderstorms is of comparable accuracy to the estimate 
obtainable from a well calibrated radar. This result suggests that 
further work be done on the counting and classification of active 
regions of convection within a storm system to see if the number of 
countable entities could be used as a proxy variable for water flux 
and, by an appropriate sampling strategy, for precipitation amount. 
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SOME STATISTICAL PROBLEMS INHERENT IN MEASURING PRECIPITATION 


John A. Flucck 
Department of Statistics 
Temple University 
Philadelphia, Pa. 19122 


I. Introduction 

The quantitative measurement of precipitation characteristics for any area on the surface of the earth is not an 
easy task. First, precipitation is rather variable in both space and time, and the distribution of surface rainfall at a 
given location typically is substantially skewed. Second, it now appears that there are a number of precipitation 
processes at work in the atmosphere, and even today few of them appear to be well understood. Third, the formal 
theory on sampling and estimating precipitation appears to be considerably deficient. Convenience sampling and 
simple means or totals seems to have been the norm. Also, it appears that little systematic attention is given to non* 
sampling errors (e.g. sample point location erron, instrument erron, data storage errors, data reduction errors, etc.) 
that always arise in utilizing any measurement system. In short, although the precipitation measurement problem is 
an old one, it continues today to be one that is in need of systematic and careful attention. A brief history of the 
presently competing measurement technologies should aid us in understanding the problems inherent in this measure* 
ment task. 


LA. Gages 

The earliest attempts at measuring surface precipitation were by rain gages and it is reported that in India in 
about 400 B.C. bowls of about 46 cm in diameter apparently were regularly used to collect rainfaU measurements 
for detemuning the annual crop to be sown. By the 13th century the Chinese (and later the Koreans, 1 5th century) 
apparently were using bronze cylinders of about 14 cm diameter and 30 cm depth, with an attendant scale, to meas- 
ure rainfall in numerous provinces and cantons (Needham and Ting. 1959; Frisinger, 1977). The first English rain 
gage reportedly was designed by Sir Christopher Wren in 1662, but it was Richard Townley who initiated the idea of 
the weighing rain gage in 1677. He also apparently assembled the first extensive rainfall record for England. 1677 to 
1703. However, it was not until Rev. Horsley in 1722 related the diameter of the catch to the diameter of the con- 
tainer, and scaled the container accordingly, that a rain gage similar to our present non-recording one was achieved. 
Finally, it should be noted that the remarluble weather clock, presumably designed by Sir Christopher Wren about 
1663 and implemented by Robert Hooke in about 1673, clearly was the forerunner to our present recording rain 
gage (Middleton, 1969) and its more recent digitized output. 


I.B. Radar 

The next technology that was brought to bear on the precipitation measurement problem was radar. Its start 
apparently is traceable to February 20, 1941 when a small shower was tracked by radar, up to a distance of seven 
. *’les, off the English coast. This and other related meteorological uses of radar in the period of 1935 to 1945 led to 
the development of the field of radar meteorology (Battan, 1973). An important topic in this discipline is the quan- 
titative measurement of rainfall. 

In the late 40’s a theoretical relation between backscatter energy (i.e. radar reflectivity factor, Z) and rainfall 
rate (R), Z > aR^, was developed. However, this simple polymomial function assumed that;(l) the drop size distribu- 
tion was of the exponential family, unchanging and Imown, and (2) the vertical air motions were zero. Subsequent 
experimenution showed that neither of these assumptions were upheld in the atmosphere, and thus the so<alled 
"*Z-R** relation is at best, a crude approximation to the actual relation. At present, researchers either rely on a popu- 
lar version of this crude approximation (e.g. Z * 200 R^*^) or attempt to estimate the values of a and b for their 
particular conditions (see Battan, 1973, for an extended list of utilized Z-R relations). 
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The compaiison of radar and gage estimated precipitation in the 1 960’s and early 70*$ indicated that the radar 
estimates tended to have systematic errors (e.g. Wilson, 1964; Woodley et al, 197S). For example, radar appears to 
overestimate “light” rain and underestimate “heavy” rain. Also, it became apparent that the variability both bet een 
and within storms was sizeable, and hence conditional Z-R relations were needed. However, useful conditioning events 
proved difficult to find (e.g. Wilson, 1966). Gearly a new approach was needed. 

The “new approach” was to follow an old suggestion of Hitschfeld and Borden (19S4) and adjust the radar esti- 
mated rainfall solely by rain gages. This method allows the radar to define the distribution of precipitation over an 
area and the gages to define the magnitude. The evidence to date suggests that this method is a clear improvement 
over unadjusted radar estimated rainfall (e{. Wilson, 1970; Woodley et al, 1975, Thomas et ai., 1981). In fact, this 
method has developed to the point where today a number of researchers believe radar estimated rainfall is the pre- 
ferred method for assessing rainfall over large areas which are not instrumented with a high density (>1 gage pet 250 
to 400 km^) gage network (Wilson and Brandes, 1979). It also should be noted that more recent radar developments 
(e.g. digitized doppler) appear to offer further advances. 


I.C. Satellite 

The third and most recent technology to be applied to the precipitation measurement problem is that of satel- 
lite data. One of the first efforts with this technology was to estimate the probability of precipitation as a function 
of the “window temperature” (i.e. 8-1 2 nnt or .55 to .75 trm or both) using TIROS IV data (Lethbridge, 1967). Rain- 
bird (1969) apparently had less success extending this approach to estimating 24 hour surface rainfall in the Mekong 
River basin using TIPOS III “window temperature.’* ^ the 1970’s a number of researchers were investigating the 
possibilities of estimating areal mean surface rainfall depths by establishing relations with infrared and/or visible radi- 
ances collected by satellites, and many of these pioneers are attending this conference. Martin and Scherer (1973) 
present a useful review of this early work and its attendant problems. 

In the mid 70’s another satellite estimation method appeared, the microwave technique. This technique related 
the Nimbus 5 electronically scanning microwave radiometer (ESMR) brightness temperatures (a measure of upwelimg 
radiation emitted by the earth and its atmosphere) with hourly rain rates. Wilheit et al. (1977) presented a technique 
for estimating rainfall rates over the oceans and more recently others (e.g. Rodgers et al, 1979) are attempting to ex- 
tend this technique to measuring over land. Today, useful qualitative results (i.e. probability of tain) seem probable, 
but the quantitative picture still is rather uncertain. 


II. Some Sampling Problems 

The sampling problems that inherently arise in attempting to measure surface precipitation stem from three 
principal causes: 

( 1 ) the variability of the natural proceu, 

(2) the lack of understanding of this process, and 

(3) the lack of a comprehensive formal theory of precipitation measurements. 

Let us briefly indicate some of these problems. 


II.A 


For many years it has been believed that precipitation events have substantial spatial and temporal variability. 
However, it only is more recently that quantitative measures have been offered for these two types of variability (e.g. 
Huff, 1971 ; Longley 1974; Woodley et al; 1975; Oibom et al., 1979). As an example, Woodley et al, ( 1975) indicate 
a spatial precipitation gradient of appro-ximately 330 nun in 10 km for two months of south Rorida summer-time 
(14 June to 14 August, 1973) rainfall within the FACE-1 target area. For a single day (22 July 1973) the spatial 
gradient is even steeper becoming 94 mm in 1 km. 
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Peck (1980) has sub-divided both spatial and temporal variability into long and short-term categories, and he 
provides a useful general summary of work in each of the categories. The indication is that all four categories contain 
substantial precipitation variability. Furthermore, Vogel and Huff (1978) and others have shown that precipitation 
also varies with *torm or synoptic type. 

Those who have attempted to model Oi lit statistical distributions to temporal or spatial precipitrdon also are 
much aware of the rather substantial inherent variability. One quickly lean» that most precipitation data sets are 
highly skewed toward the larger values, and distributions such as the Gamma, Log-normal, and Weibull beocme the 
candidates of choice (e.g. Flueck and ^ik, 1980). Furthermore, it is not unusual to find one or more extreme events 
(“outliers”) in the data. Figure 1 presents an example of both of these pointt using a back-to-bark stem and leaf plot 
(Tukey, 1977) of the Florida Area Cumulus Experiment (FACE-1) 6 hour rainfall (Note that in spite of substantial 
efforts to prevent skewness in this experiment it still occurred). These results begin to well explain the often heard 
statement that only a small portion of the storms or rainfall events (e.g. 10 to 15%) provide the majority of the total 
rairfrJl (e.g. Richl, 1954; Garstang, 1972; Woodley ct al, 1975). Huff (1970) has made an important start on model- 
ing tliis sampling variability as a function of other factors. 
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Figure 1. A back-to-back stem-and-leaf plot of the FACE-1 total target radar-estimated, 
gage adjusted rainfall for ail no-seed type B days, 1970-76. All units are mm per 6 h. 


The impact of the above tindings on the estimation of surface precipitation is five-fold; 

( 1) one must sample rather than take a complete count, 

(2) the sample must be in both space and time, 

(3) the sharp precipitation gradients demand more frequent sampling both in space and time, 

(4) some form of stratification appears to be needed to handle the changes in precipitation due to synoptic 
and other factors, and 

(5) the substantial skewness and presence of “extreme events” requires great care and thought (possibly 
some new theoiy) in designing and implementing the sampling and estiiiution plans for precipitation 
measurement. 
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II.B. Lack of Valid Models 


OF POOR g'Murr 

Given the substantial natural variability of surface precipitation, one might attempt to '*contror' this variability 
by utilization of one of the following four techniques (Flucck, 1978); 


(1) prescreening, 

(2) blocking. 

(3) covariating, or 

(4) replication 


in this situation, only (2), (3), and (4) appear useable: (1) requires the selection and measurement of only a subset 
of events. However, blocking would require a priori classification of each precipitation event into a known category. 
Different categories could then invoke different precipitation measurement schemes. Unfortunately, the ability to 
predict the type and other characteristics of a precipitation event with enough certainty and lead-time is minimal. 
Trustworthy models presently are not available. Covariating, or the use of auxiliary information, also has its modeling 
problems. There is veiy little evidence thrA validated models of the precipitation processes currently exist, it is inter- 
esting to note that in the late 40*s and early 50*s at least one statistician (Le Cam, 1961) began attempts to stochas- 
tically model precipitation. One use oi such models is to identify useful predictor or auxiliary variables that could be 
used in estimation to dampen the sampling vanability. Thus, althoi'^ there have been numerous searches for %'seful 
cov^riates, very little success has resulted from these efforts. As Peck (1980) and others have well stated the relations 
between surface precipitation and synoptic meteorology is very limited (null set?). 

This leaves us with the fuial technique, that of replicating or increasing the spatial and temporal sampling points. 
Althou^ this may be the only alternative at this stage in the development of the theory and methods of precipitation 
measurement, it typically is not an easy solution and certainly is an expensive one. In short, one attempts to overcome 
the sampling variability by **brute force** (large numbers). 


Il.C. Lack of Formal Theory 

All three previously mentioned surface precipitation measurement systems (i.e. network of rainga^s, radar, and 
satellite) explicitly utilize some form of systematic sampling. All three techniques sample precipitation systematically 
in either space or time or both. However, I am unaware of any formal statistical theory on space-time systematic 
sampling. Nor am I aware of any formal work on comparisons of alternative sampling techniques for precipitation. 

We seem to have adopted the “convenient* without much thougiit as to why. 

In the interest of sumulatmg a formal theory of precipitation sampling and estimation, let me bnefly pose ^ 
simple sampling problem. Figure 2, panel (a), presents a systematic or square grid (aligned) sampling point design of 
d units between sampling points. Note how this simple desigr'. provides ''alleys’* of width d through \i^ch west-east 
or north-south moving cells of diameter < d can pass completely undeteted. Panel (b) presents an unaiigned syste- 
matic sampling point design in which the X, Y coordinates in each row and each column are systematically (but sepa- 
rately) selected. Now the "systematic alleys*’ have disappeared and the strict west-east or north-south cells will not 
escape detection or sampling. Which of the two designs is preferred and when? See Cochran (1977) for some partial 
theoretical answers and Silverman e^gtCl^Sl), for some interesting simulation results. 

Now, let's add the elevation and time dimensions to the above problem. Very quickly we see that we have con- 
structed a complex sampling problem in need of formal theory. At the very leut, this sampling problem is five dimen- 
onal, i.e. (xor,z,t,r) where and z ire surface location, t is time, and r is some rainfall characteristic of interest. 
Furdiermore, rainfall is correlated over a number of these dimensioru. Now the fun begins! We may need to rely cn 
simulation derived results when the formal theory is intractable or advances slowly. However, is time to get 
"marching." 


111. EsdiTution Problems 

A number of estimation problems also arise in the measuring of surface precipitation. Some of them are system 
related and others are more general. We will briefly review both types. 
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Figure 2. Two examples of systematic sampling in two dimensions. 


III.A. Estimators 

A number of precipitation characteristics are available for point rainfall, and they include total amount, rate, 
duration, frequency, and others. Usually the context indicates the desired characteristic (e.g. total rainfall in 24 hours 
or rain rate per hour), but if not, an appropriate characteristic must be selected. Clearly it should be that characteris- 
tic which is mosi *"closely-tied” to the problem of interest. 

However, even given that point rainfall characteristics are of interest, there typically are a number of estimators 
available. As an example, hourly rainfall rate can be estimated by the time-honored mean, the more stable median, a 
trimmed mean, or one of the newer so-called robust estimators. These different estimators can give very different 
estimates (Stigler, 1977). Certainly the two guardians of useful measurement, accuracy and precision, must be heard. 

'fhus far we oa*y have mentioned the estimation of point rainfall. However, for many situations (e.g. hydrology), 
it is areal precipitation that is desired. How should this characteristic be estimated? When sampling in space or time, 
some type of weighting and/or interpolation scheme is needed. Many techniques have been advanced for estimating 
areal precipitation under spatial sampling (e.g. Thiessen, 1911; Cressman, 1959; Hatch, 1976; Bras and Rodriguez- 
Iturbe, 1976). However, I am unaware of any formal study which systematically examined the theory and results of 
these different techniques. Gearly some careful comprehensive comparative studies are needed. 


ni.B. Measurement Errors 

Finally, we must face the problem of measurement errors in both the sampling and estimation stages. Although 
a number of the well-known measurement errors should be dealt with in the sample design (e.g. shielding rain gages to 
lessen wind effects), it is the estimation stage that must systematically correct or adjust for the detected errors that 
were not eliminated in the design. 

Ratio and regression type estimators are standard statistical approaches to these estimation problems, and hence 
local or regional auxiliary information becomes important (e.g. wind speed and direction at each gage site - particu- 
larly for snow which indicates an efficiency of only 50% for an unshielded gage at a wind speed of only 10 mph - or 
for each sector of the network). Here again, validated relations or models between the surface precipitation and inter- 
vening variables are needed. The gage catch efficiency versus wind speed work of Larson and Peck (1974) is an example 
of the type of results that are urgently needed in all precipitation measurement systems. 

Obviously erron can and do arise in any stage of the measurement process. The three most important antidotes 
for this problem are checking, checking, and chvecking. In short, there is no substitute for careful attention to all 
stages (i.e. measurement, collection, reduction, handling, estimation, etc.) of the measurement (estimation) process. 
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III.C. Linkage Function 

We mentioned above the problem of rain gage efficiency or how well a gage captures the true precipitation 
occurring at the site. In tmth, the observed precipitation is some function (typically unknown) of the actual precipi- 
tation. Kencc the precipitation estimate is linked by some function to the actual precipitation. The type and char- 
acteristics of this ‘linkage” (sometimes termed transfer) function are important. 

In the radar and visible/IR satellite measurement sytems the linkage Is less direct. Both of these systems measure 
a proxy variable which then must be functionally related to rainfall. Hie standard radar measurement tecrmique is to 
measure Z (a reflectivity factor) and then attempt to link it to R (the rainfall rate) through the popular physically 
based “Z-R” function. Needless to say, this approach has not always been well received and present evidence appears 
to suggest that the current popular “Z-R” function is too crude and in need of further work. 

The current operational satellite measures of precipitation typically use enhanced brightness and/or infrared 
radiation as their “starting” variables. Then throu^ various specialized empirical linkage functions one ultimately 
arrives at estimates of rainfall rates. It appean that at times the linkage is rather “ad hoc” and not physically based. 
The approach of Gruber (1973) appears to be an exception to this general picture. He does attempt to estimate and 
use weU-known physical processes and relations in his linkage function. 


IV. Comparative Experiments 

Three types of potentially competing precipitation measurement systems (i.e. rain gage network, radar, and 
satellite) have been presented. Furthermore, witMn each type there are competing designs and techniques. Each of 
the candidates has its own measurement, sampling, collection, retrieval, equipment and servicing constraints with the 
result that it is difficult to determine which system performs best in general and specific situations. 

The only scientifically acceptable approach to the above dilemma is to perform some comparative experiments. 
We need to allow tne various measurement systems a chance to compete fairly in field trials in order to evaluate prop- 
erly their current performances and to plan for future improvements. This comparative approach requires that useful, 
unambiguous and comprehensive “ground-rules” be established prior to any comparative experiment and that the 
tenants of proper comparative experimentation (Flueck, 1981) be followed. 


IV.A. Great Precipitation Evaluation Experiment 

A number of methods have recently been advanced for estimating surface precipitation based on satellite data. 
Furthermore, numerous claims typically have been made for each method. The time has come for a comparative field 
experiment of the vanous competitors. It seems that the science of precipitation measurement would be well served 
by an assessment of the comparative strengths and weaknesses of the various competitors. Hence, I propose that we 
undertake the Great Precipitation Evaluation Experiment (GPEE). 

This experiment should be limited to those methods that presently are able to present a comprehensive detailed 
document on their desigp and implementation. This design document would have to be presented to the GPEE com- 
mittee prior to the experiment and followed in every detail. Thus an entrant would have to present the details of how 
the method estimated surface precipitation and exactly follow this method in the experiment. 

The experiment should be conducted in a “blind” manner in that the days and locations selected for precipita- 
tion evaluation should be unknown to the experimenters. Furthermore, the actual surface rainfall values (probably 
based on a dense rain gage network) for the days of the experiment would be withheld ^rom all participants. 

I would tentatively propose that two or three areas of varying size (e.g. 200, 2000 & 10,000 km^) be selected 
as the “playing fields” of the experiment, and the goal would be to estimate 24 h total precipitation for each of the 
areas. It would seem useful to select about seven days in the 1981 growing season for this t^. One sould statify 
the days such that light, medium, and heavy rainfall days are present in the experiment. One might also include a 
zero rainfall day. 
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Following their design document, each research team should perform the required precipitation estimations 
based on the satellite data received from the GPEE committee. At the end of the experiment^ period (probably 
6 months to 1 year), each team should submit their daily estimates to the GPEE committee for evaluation. Any 
missing days (days with no estimate) should be assigned the value of zero. In addition, I would recommend that one 
randomly selected day be fuUy checked by the committee for compliance with the submitted design document. 

The question of what statistic should be used to evaluate the overall performance of the competing methods 
should be settled prior to the experiment. My current preference would be to use mean square error (MSE = Variance 
+ Bias^) with the raingage network value as the standard or population value. This would allow both the precision and 
accuracy of competing methods to be assessed. The other often mentioned evaluation statistics (i.e. p, a + bx, and R^) 
appear to have clear deficiencies. 


IV.B. Further Experiments 

Once we have succeeded in selecting the best performing satellite based precipitation estimation methods (we 
may not find a uniformly best one), we should be able to more effectively develop the new competitors. I would 
propose that new methods also be theoretically and experimentally compared wi^ the present “King or Kings of the 
Hill.'* This should be done by subsequent GPEE’s (1,2 Jc). 

It also would seem useful to empirically compare various radar based precipitation estimation methods via an 
experiment. A few selected comparison case studies are not a substitute for a GPEE. 

Lastly, the opportunity for comparison within an experiment of all three general types of precipitation meas- 
urement systems should not be overlooked. 


V. Concluding Comments 

The opportunities for substantial advancement in precipitation measurement and estimation appear to be at 
hand. The uses for improved estimates appear to be many and extend from flash flood and severe storm warnings 
to weather modificaticai results and water and energy budgets. 

This paper has advocated a systematic and scientific approach to improving surface precipitation measurements. 
In truth, all present surface precipitation measurements are really estimates. We need to recognize this fact and strive 
for improved estimators. 
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ON THE EFFECT OF TEMPORAL SAMPLING ON THE OBSERVATION OF MEAN RAINFALL 
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ABSTRACT 

A formula permitting calculation of the mean-square 
error of the mean value of a random variable due to penodic 
sampling is derived and applied to estimating the sampling 
error for satellite observation of the mean rainfall during the 
GARP Atlantic Tropical Experiment (GATE). The effects of 
both spatial resolution and frequency of observation on the 
sampling error are summarized in graphs. It is found that four 
observations per day arc sufficient to detc’‘imne the monthly 
mean ramfall over an area of 2.5® square (280km X 280km) 
to within a standard deviation of 5 percent of its mean value, 
two samples per day would yield an error with a standard 
deviation slightly less than 10 percent of the mean. A sateF 
lite instrument with less frequent sampling may produce 
significantly greater error in the estimate of monthly mean 
rainfall 


1.0 INTRODUCTION 

Satellite borne irstniments offer the opportunity to 
globally measure meteorological parameten. Such mstruments 
on near earth satellites are however intrinsically constrained by 
their orbits on non-continuous observations. This observa- 
tional oonstramt introduces an error, called sampling error, 
into the mean value of meteorological parameters calculated 
from satellite observations. For example, mean rainfall esth 
mates obtained from surface radars during the GAT£i and the 
Electronically Scanned Microwave Radiometer (ESMR). have 
shown substantial differences (Austin, 1978)^ which in part 
may be due to madequate sampling. A method of estimating 
the bias introduced by inadequate sampling of ESMR and 
other satellite instruments used to obtam meteorological 
averages would be useful. 

Formulu which permit evaluation of the error in the 
mean value of a parameter due to periodic as opposed to con- 
tinuous sampling are developed here. They are applied to 
estimating the sampling required to obtain an accurate esti- 
mate of the mean rainfall over tropical oceans, and assess the 
potential magnitude of sampling error on mean rainfall esti- 
mates derived from the ESMR during the GATE. 

The statistical relationships needed to obtain the mean- 
square error of the mean value of a random variable due to 
periodic sampling are presented in Section 2. In Section 3 
the Gate radar data used in this study are described. The 


IGATE (Qobal Atmospheric Research Program) Atlantic Tropical 
Experiment. 

^Autdii, P. M. and S. C. (Beotia, 1978: Evaluation of Quality of Predp- 
itadon Data from a SatelUte-Bome Radiometer, Department of Meteor* 
ology, ManachuMtta Institute of Technology, 77 Mw Avc., Cambridft, 
MA 02139. 


autocovanance functions needed to evaluate sampling errors 
for mean ramfall during GATE are examined in Section 4. and 
estimates of the sampling error for mean rainfall are given m 
Section 5. Section 6 contains a discussion and conclusions of 
this paper. 


2.0 SAMPLING ERROR ESTIMATION 

In order to denve an estimate of the variance of the mean 
value of a random variable due to discrete uniform sampling 
the sampling problem is formalized as follows. For a fixed 
interval of time, beginning at some arbitrary time t|, and ex- 
tending to t 2 , the mean value, M(T), for a random variable 
X(t), over a time interval, T » t 2 - tj is 

I 

M(T) • Y J 

In practice, a continuous record of Xft) is seldom available. 

In particular, for satellite observations, we can at best only 
estimate M(T) from the average of a sequence of measurements. 
Specifically, we may have only samples taken at say, times 
ti to, tj ♦ 2to, . , ti Nto, where N represents the num- 
ber of samples taken at times separated by intervals of length 
to with Nto * ^ mean, M(T, Iq), of such a samyde 
sequence is, 


N 

M(T. to) - ^ 53 X(t, + kto) (2) 

k-i 

With measurements taken by an ideal instrument every to 
houn, the expected value of the square of the difference be- 
tween the M(T, to) and M(T), E[M(T, Iq) - M(T)J may be 
taken as a measure of sampling error. 

The expected value of a random variable Q, E(Q], may 
be calculated by means of the ergodic theorem (Margeniu and 
Murphy, 1964) by 


1 /■■• 

E(Q1 • Um - / Qdt 

L— L Jo 


(3) 


if the limit exists. In Appendu A it is shown that the mean 
square sampling error is given by 

(4) 

provided the true mem, and R, the autocovanance function 


D-59 


ORIGINAL FAv-x :C 
OF POOR Ql!AL’.Vf 


given by 


I 

X * Lim - / X(L)dL (5) 

and 

1 

R(r) » Lim -~ / X(UX(L + T)dL (6) 
L-« L •'o 

exist. 

It is recognized that X, and R(r) may not exist in a 
climatological sense (Brooks, 1929), however it a / ill be as- 
sumed that these limits are sufficiently well satisfied to per- 
mit the use of the derived expression for the mem square 
sampling error (Yaglom, 1962), (Leith, 1973). 

Application of the expression for mean squi re error to 
the GATE radar derived rainfall measurements permits an esti- 
mate of sampling error on ESMR derived mean Ti^infall, and 
provides a means of estimating sampling requirements for 
measurements of tropical oceamc ^arnfall. The Gi te data will 
be briefly described. 


3.0 THE GATE AREA RADAR DATA 

The GATE experiment conducted during the summer of 
1 974 provided detailed measurements of rainfall from both 
gauges and radars on an array of ships (Oceanographer, Re- 
searcher, Gillis, and Qmdn) over an area called the B-^cale, 
located approximately 1000km off the West Coast of Africa. 
Stationed within this area (centered at 8^ 30' N latitude and 
23^ 30' W longitude), these ships collected rainfall data over 
three approximately tri-weekly, periods called phases. Figure 
1 illustrates the expenment area and Table 1 describes the 
tliree phases of the GATE experiment. The ships carried 5 cm 



Figure 1. The GATE Observation Network Showing the 
Relationship with the B-Scale Area 


radars which measured rain-echo intensities. Patterson el al. 
(1979)1 calculated rainfall rates from these observations, and 
presented them m the form of cartesian scans over the B- 
scale area with mean equivalent rainfall given in 4km X 4km 
data bins The processing included elimination of question- 
able data, interpolation to fill missing data, and application of 
corrections that included those for atmospheric attenuation 
and antenna elevation. 


Table I Three Phases of GATE 


Phase 

Dates 

Total Time 

I 

28 Jun- 16Jul 1974 
(Julian Day 179-197) 

4S0 hr,. 
(19 (lays) 

II 

28Jul-ISAug 1974 
(Julian Day 209-227) 

455 hrs. 

( 1 9 days) 

III 

30 Aug - 19 Sep 1974 
(Julian Day 242-262) 

499 hr*. 
(21 days) 


Only data from Phases I and II were utilized in this study. 
Both degradation of Phase III data resulting from antenna 
stabilization problems on the Oceanographer, and its incom- 
patibility with Phases I and II precluded the use of the Phase 
II data. GATE radar data at its original 15-minute intervals 
was made available by the National Oceanic and Atmospheric 
Administration (NOAA) for use in this study. 

Though, the derivation of the rainfall amounts in GATE 
was preceded by very careful calibration of the radars and by 
intercom parisons between radars and between radar and guage 
measurements, it is recognized that radar measurements of 
ramfall are subject to uncertainties (Hud low and Patterson, 
1979)^. These uncertainties may arise, for example, in the 
relationship between radar reflectivity and rainfall rate or in 
the difference between radar observed precipitation and that 
which actually reaches the surface. The GATE rainfall data is 
assumed to be typical of rain in the Equatorul Atlantic and 
to possess its statistical properties. 


4.0 AUTOCOVARIANCE FUNCTIONS 

GATE rain-rate time series data, at 1 5 minute intervals 
provided the mean values and autooovanance functions. Means 
and autooo variances were computed for five of the 4 X 4km^ 
time scries with one in the center of the GATE area and one 
in each of the four quadrants. Areal estimates were obtained 
by averaging the five values. Similarly, in order to study the 
dependence of autocovariance on area size, means and auto- 
covariance values were computed for time scries for other 
area sizes: 8 X 8km^, 16 X 16km^ 32 X 32km^, 64 X 
64km^ 96 X 96km^ 128 X 128km2, 176 X 176km2, 224 X 
224 km^ and the total GATE area of 280 X 280km^ For 
each area size beyond 64 X 64 km^ the mean and autocovari- 
ance were computed only from time series corresponding to 
the center of the GATE area, since the quadrants in all such 
cases are smaller than the area size under consideration. 


^Pittarson. V. $t ■!., 1979- CATE Radar RainfiU Procawtni Syti tn, 
NOAA Tschakal Memo. EOIS 26. Feitoral Mdg., SUveihlU R4.. Suit- 
land, MO 20233. 

^Hudlow, M. «id V, Pittanoo, 1979: Cata Radar RainfaD Atlas, NOAA 
Special Report, Center for Environmental Aaeament Servic^^r 
6010 Execudvt Bird., Rockville, MO 20632. 
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The auto covariance functions calculated for Phases 1 and 
n are presented in Figures 2 and 3, respectively. The empiri- 
cally derived curves all appear to be examples of exponential 
decay. Each was least squares fitted to a function of the 
form Bexp<^ Iri). In all cases, the goodness of fit (measured 
as the mean square error) between the empincal data and the 
analytic form was found to be better than 2.S percent. The 
parameten of the exponential forms and other statistics of 
the rainfall are tabulated in Table 2 . The analytic form ob- 
tained for the autooovanance functions allows a closed form 
evaluation of the sampling error 


5.0 RAINFALL SAMPLING ERRORS 


The mean square sampling area for the GATE rainfall 
observations is shown in Appendix B to be given by 



The sampling error can be computed as a function of tg, the 
sampling interval, once the measurement interval, T, and the 
area size over which the rainfall is averaged are selected. This 
was done for Phases I and II (for the entire GATE area) with 
results shown in Figures 4 and 5. 

The graphs in Figures 4 and 5 indicate that measurements 
of temponl ramfall, when spatially averaged over an area 


commensurate with GATE radar data, is entirely practical 
from a sampling point of view. Still, comparisons that have 
been made between ESMR-5 measurements and GATE data 
show a disappointing difference. This can be explained in 
part by recognizing that ESMR-5 scan angle was limited to 
t30" from nadir as opposed to its nominal tSO*^ Thus, the 
ground coverage was reduced by almost one-half in the equa- 
torial regions and operational limitations resulted in further 
losses of data over the GATE area. The net result was that 
during the GATE, the averaging time between ESMR-5 ob- 
servations was on the order of once every 36 houn, so that 
we should expect about 24 percent sampling error on the 
average, and not be particularly surprised by considerably 
larger eirors for any one particular such expeiiment. 


Equation (7) was also used to compute the sampling 
error as a function of tg with T * one month for area sizes 
32 X 32km2, 64 X 64km^ 128 X 128km^ and 280 X 280km2 
The results for Phases I and II are plotted m Figures 6 and 7, 
respectively. From these figures and Table 2 it is clear that 
for Tg sampling errors are relatively insensitive to averaging 
area size and that the sensitivity, however small, decreases as 
the average size is increased 


6.0 CONCLUSIONS 

From a sampling point of view, a single earth orbiting 
satellite system capable of measuring ninfall should not be 
expected to provide useful estimates of the monthly mean 
rainfall on a spatial scale of less than 100 X 100km in trop- 
ical oceanic regions if the GATE observations are consider^ 
typical. A practical satellite instrument that is significantly 
limited in scan angle (and hence whose revisit time is 
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Figure 3. Autocovanance Functions for Phase !1 


Table 2. Best Fit Autocovanance Functions 
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ucnificintly increaaed beyond 12 hours) should be Rown 
simultaneously on more than one satellite to obtain accurate 
monthly means. 

In any event, the results presented here provided a quan- 
titative basu for such judgements, insofar as the GATE radar 
data permits It is emphasaed that the methods used we^e 
based on the actual data in a way that assured any diumai 
variation that may have existed during the GATE period was 
included within the sampling error estimates. Therefore, it 
can be concluded that any diumai variation that may have 
been present in the CATE dau certainly was an msignificant 
factor. 

Since the frequency of the sampling by an earth orbiting 
ntellite system increases for latitudes away m the equator, 
it seems likely that a practical satellite system providing ade- 
quate sampling over equatorial regions would also be adequate 
for other areas. However, the sutistical model presented 
should be useful for any comparisons derived with rainfall 
processes at other areas of the globe. 
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APPENDIX A 

DERIVATION OF SAMPLING ERROR 


The sampling error is given by 


. EI(M(T. to)-M(T))3j 


or. upon expansion, 


- EIM2(T)1 ♦ E(MJ(T, - 2EIM(T. t^) M(T)1 (A-2) 

where 

E(M>(T)1 - ^ * X(i)d$j. (A-3) 

M N -1 

— ^ X(t ♦ KI,>2] X(t ♦ it,) (A.4) 

^ k-t 1-1 J 

ttid 

EIM(T to) M(T)1 - E (t ♦ Kto) f ^ X(t)dtl (A-.M 

LNT J 

with T - t] - t, and Nto • T. 

An amumption of etgodidty permits the evaluation of 
E(Q) as the limit of a tima average of Q, if the limit exiata; 
that is 


with L representing time. The true mean of X(t), denoted by 
X, may be calculated as 


I 

Lim Y I 
L— L Jo 


The autooovanance function. R(r), may be calculated as 

R(f)-LiM f (X (0 - X) (X(t ♦ r) - X)dt (A.«) 
L— ^ Jo 

Upon expanding the teims in the intergrand, the follow- 
ing relationships arc demonstratable. 


- if 

L— ^ Jo 


X(t)X(t ♦ r)dt -X^ (A-9) 


With the assumption of the existance of X, and R(r) the 
expected val^ies of each of the expressions in aquations A-3, 
A-4, and A-5 ve evahiated m turn. 


ElM^mi - 




X(t > a)dt I X(s t a)dida 


Upon interchanging the order of integration and lettm^ 
U-t^a 

E(MJ(D1 - 


— r 1 f'' 

T^Jo Jo U— L Jo 


X(U)X(U * 1 - t)dalt 


EiMimi 


•— f f (Wi-O + ltMdidt. 

r^Jo Jo 


This equation may be simpliried further through inspec- 
tion of the area in the s, t plane over which the integration is 
performed. R(s - t) is constant along Unct of the form s ■ 
t ^ c. These lines have s slope of I and an intercept of c. 
Choosing a coordinate system with one txa parallel to these 
lines simpUfles evaluation of the mtcgral, for R will be con- 
stant on all lines pvallcl to the axis. Letting X • (s ^ t)/ 
v/r. y - (f - t)k/l. 

1 

ElMJcni-— / / tlWs/ 7 y)>r»l<l«<ly 

^ » 0 - *.-V lt*f 


tnd II bMiluiMf U -v^y, afttr inletncioii ywldt 


ElMifDl 




(X(U)^r>)dU. (A- 12 ) 


Raorderlng the sums m tqugtioii A-4 yiskls 
li^ii I I « 
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RAINGAGE NETWORK S/.MPLING STATISTICS 


John L. Vogel 

Illinois State Water Survey 
Champaign, Illinois 61820 


1. INTRODUCTION 

Studies of rainfall characteristics using data from dense recording 
raingage networks will be reviewed. Data from such networks have quantified 
temporal and spatial rainfall distributions, and have supplied specialized 
information about local and orographic effects. The natural variability, 
temporally and spatially, for annual, seasonal, monthly, and individual 
events will be treated. Especially important are the spatial variations 
of precipitation as a function of synoptic type, precipitation type, amount, 
and duration. Much of this review will concentrate on results from dense 
raingage networks in Illinois, but some data from other climatic regions 
will also be treated. 

A major portion of the data analysis of the dense raingage networks 
in Illinois has defined the natural variability of annual, seasonal, and 
individual rain events. Early in the analysis of network data in the 1950s, 
the Water Survey coined the term 'storm' to describe a discrete period of 
rainfall within a fixed network area. Huff (1966), in a study of rainfall 
on a dense raingage network of 1000 km^, developed an objective definition 
of storm as "any rain period separated by more than 6 hours without rain on 
the network." This definition of 'storm' allowed discrete rain periods to 
be identified with specific weather systems. The operation of larger 
networks with areas greater than 5000 km^ necessitated an altered storm 
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definition (Vogel and Huff, 1978), consisting of time-space delineations 
for individual rain events. For these larger networks a storm was considerei 
to be a rain period identified with a specific synoptic weather event and 
separated from other rain areas by 32 km and more than 1 hr between rain 
events at any gage. 

2. RAINFALL VARIABILITY 

An important measure of rainstorm climatology is the natural 
variability of rainfall with duration. Table 1 from Huff (1969) shows how 

the climatological distribution of storm mean precipitation is related to 

2 

storm duration based on an assessment of 12-years of data from a 1000 km 
network in east central Illinois. For example, reading horizontally in the 
upper portion of the table it is seen that with durations of 3 hr or less 
on the network, 28% of the total precipitation, on the average, will result 
from a network mean exceeding 12.7 mm, whereas this percentage increases 
gradually to 95% with durations in excess of 24 hr. Reading vertically 
in the upper portion of Table 1 an estimate of the distribution of storm 
mean rainfall in each duration category is obtained. Thus, for storms with 
durations of 3 hr or less, 80% of the rainfall, on the average, results 
from a network means exceeding 2.5 mm compared with 7% in storms exceeding 
25.4 mm. The lower part of Table 1 shows how storm duration affects the 
relation between storm mean rainfall and the frequency distribution of storm 
occurrences. For example, it indicates that for a duration of 3 hr or less 
that only 26% of the storms, on the average, have an areal mean rainfall 
greater than 2.5 mm, and that only 26% of the storms with durations less 
than 3 hr account for 80% of the rain associated with these storms. This 
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table stresses the importance of the storm duration factor in the 
establishment of the distribution characteristics of storm precipitation 
in this climatic region. 


TABLE 1. Average 12-yr Distribution of Network Storm 
Precipitation Grouped by Storm Duration 


Network 
mean storm 
precipitation 


Cumulative percent of total precipitation 
for given duration (hrs) 


Cumulative 
percent, 
all storms 


(mm) exceeded <3 

3. 1-6.0 6. 

1-12.0 

12.1-24.0 

24.1-48.0 

combined 

25.4 

7 

22 

29 

54 

80 

41 

12.7 

28 

52 

61 

85 

95 

70 

6.3 

52 

79 

87 

96 

99 

86 

2.5 

80 

93 

96 

99 

>99 

95 



Cumulative 

percent of total 

s^onn 



occurrences 

for given duration 

(hrs) 


25.4 

<1 

4 

8 

26 

53 

7 

12.7 

2 

15 

26 

56 

78 

19 

6.3 

9 

3^ 

52 

80 

89 

33 

2.5 

26 

60 

80 

95 

96 

50 


The last column in Table 1 indicates that 7% of the storm accounted 
for 41% of all precipitation, and that only half of all storms account for 
95% of the total rainfall. Garstang (1972) notes that in the Tropics, 10% 
of the time during which precipitation falls produces 50% or more of the 
total precipitation. Thus, even though there are many storms associated 
with precipitation, a small number of these storms are responsible for most 
of the precipitation. 

Equally important is the distribution of total precipitation by warm 
and cold-seasons. Warm-season (May to September) rainfall is characterized 
synoptically by scattered showers, semi -organized to organized mesoscale 
systems, and a few large-scale cyclonic storms (Vogel and Huff, 1978). The 
cold season (October-April) precipitation typically is dominated by 
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organized large-scale cyclonic motions and well -organized mesoscale systems, 
such as squall lines (Huff and Schickedarz, 1970). In Table 2, the percent 
of total precipitation and percent of total storm occurrences for the warm 
and cold seasons are given for various storm durations (Huff, 1971). During 
both seasons, storm durations of 3 hr or less were most frequent. However, 
over 20% of all precipitation falls from these storms during the warm season 
and less than 10% of the precipitation occurs within these storms during the 
cold season. In the warm season 63% of the precipitation occurs with storms 
of less than 12-hr duration, whereas 59% of the precipitation during the 
cold season occurs with storms greater than 12-hr. This reflects the 
difference in the synoptic weather regimes from the warm to the cold season. 
The warm season rains are mainly convective and often occur within a 
tropical air mass; during the cold season the precipitation occurs in cyclonic 
storms near or in the boundaries of cold air masses. Thus, there are major 
differences between the durations of warm- and cold-season precipitation. 

TABLE 2, Average Distribution of Precipitation on a 1000 km^ 

Raingage Network in East-Central Illinois Grouped 
by Storm Duration. 

Percent of total 

precipitation Percent of storms 


Storm Duration 

May- Sept 

Oct -April 

May- Sept 

Oct -April 

53 

22 

9 

57 

35 

3.1- 6.0 

21 

11 

20 

19 

6.1-12.0 

20 

21 

12 

22 

12.1-24.0 

23 

40 

8 

19 

24.1-48.0 

13 

16 

3 

5 

>48 

1 

3 

0+ 

0+ 
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Precipitation type helps to define the spatial and temporal 
characteristics of precipitation. Thinderstorms dominate summertime 
warm-season precipitation, frequently being the major producer of rainfall 
intermingled with light rainshowers. During a 12-yr period (1955-1966) 
over a 1000-km^ network in east-central Illinois, Huff and Schickedanz 
(1970) found that the combination of thunderstorms and rainshowers accounted 
for 88% of the May-September rainfall and were associated with 87% of the 
storm occurrences. From October to April the thunderstorm- rainshower 
combination were observed with 40% of the storm occurrences, but 55% of the 
total precipitation. Stable-type rains accounted for about 30% of all 
precipitation and storm occurrence in the cold season. Snow and rain 
mixed with snow were associated with 30% of the cold-season storms, but 
only 14% of the total seasonal precipitation. 

3. PRECIPITATION GRADIENTS 

The variation of point rainfall with distance is another method of 
evaluating spatial variability of precipitation. Results from studies in 
Illinois (Huff, 1967), Florida (Woodley et al. , 1975), and the southwest 
United States (Osborn et al., 1980) are presented (Table 3). The Illinois 
analysis had a total of 186 storms in the period 1950-1954 from two networks 
over flat agricultural lands. One network consisted of 25 gages in 260 km^ 
and the other had 50 gages in 260 km^. All analysis were confined to 
convective rainfall occurring from spring to fall with durations of 24 hours 
or less. Synoptically, the precipitation ranged from air mass showers to 
organized mesoscale systems to some large-scale precipitation events. The 
Florida data consisted of 127 storms collected during the summers of 1971 
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and 1973 as part of the Florida Area Cumulus Experiment. This raingage 
network had 186 separate gage locations spread over 570 km^ of flat 
agricultural land. The dominant rain type during the period was air mass 
showers. The Southwest United States data was derived from the 150 km^ 
tfalnut Gulch Experimental Watershed in southeastern Arizona with 95 gages 
and the 174 km^ Alamogordo Creek Experimental Watershed in eastern New 
Mexico with 65 gages. The precipitation gradient presented from the last 
two networks represent individual air mass thunderstorms. 

Table 3 presents the percent changes in rainfall with distance 
normalized by dividing from a central gage. The Illinois data was stratified 
by areal average rainfall and showed that the relative variability decreased 
with increased rainfall volume. This is reflected by the changes in the 
rainfall gradient for those storms which had network average rainfall of 
2.5, 6.3, and 25 mm which are average curves. Huff, also, calculated 
extreme precipitation gradients which are expected to occur less than 5% 
of the time. Such a gradient for a 25-mm storm is given in Table 3. The 
extreme gradient decreases much more rapidly than the average curve. For 
example, at 10 km for an average gradient the precipitation would be 
expected to be 74% of the central gage, whereas in an extreme gradient 
situation the precipitation at 10 km is 36% of the central gage. The 
extreme gradients are about 2.5 times the average values. 

The Florida data was analyzed for N-S and E-W profiles of precipitation 
change with distance. These profiles were averaged for Table 3, since the 
results suggested symmetry in all directions and the differences were minor. 
The variation of precipitation with distance changes rapidly, and by 10 km 
only 17% of the point maximum precipitation is expected, on the average. 
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The average Florida gradient is more extreme than the average Illinois 
curves, and are more comparable to the extreme Illinois curves. This 
reflects the predominate air mass shower activity in Florida. 

The Arizona and New Mexico data presented in Table 3 represent the 
precipitation gradients from extreme air mass thunderstorms derived from 
area-depth curves (Osborn et al. , 1980). As a result, the values represent 
smoothed gradients for these extreme events. The gradient for the storm 
over Walnut Gulch, Arizona, resembles the extreme 25-mm gradient in 
Illinois for the first 6 km, but then the gradient changes sharply and 
resembles the average Florida curve. The precipitation gradient over 
Alamogordo Creek, New Mexico, is relatively smooth and falls between the 
6,3- and 25-mm Illinois gradients. Thus, for individual storms extremely 
sharp changes in precipitation gradient can be anticipated. 

Average monthly and seasonal precipitation gradients have been 
calculated by Huff (1971) for Illinois. The percent change of precipitation 
with distance depended upon the average precipitation for the area, with the 
sharper gradients occurring with lighter rainfalls. Extreme percent 
differences of as much as 65% over 16 km for monthly values and 15 to 
20% over 16 km for seasonal values can be expected. On the average, in 
Illinois monthly differences of 25 to 35% can be expected in the warm 
season (May to September) and 10 to 15% differences are found in the cold 
season (October to April). Woodley et al. (1975) for 3 months of data in 
Florida measured an extreme gradient of 355 mm in 6 km. Thus, individual 
months or seasons, especially in those regions characterized by convective 
rainfall, can expect extreme changes in precipitation amounts over relatively 
short distances for individual storms, months, or seasons. 
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TABLE 3. Precipitation Gradients for Illinois, Florida, and 
Southwest United States Expressed as Percent Change 




Illinois 


Florida 

Arizona 

New Mexico 

Distance 

2.5 mm 

Average 
6.3 mm 

25 mm 

Extreme 
25 mm 

Average 

Storm 

Storm 

1 

57 

83 

90 

76 

73 

80 

95 

2 

37 

71 

86 

66 

59 

69 

90 

3 

24 

63 

83 

57 

48 

60 

85 

4 

14 

57 

80 

53 

40 

50 

80 

5 

0 

52 

79 

49 

33 

45 

76 

6 

0 

48 

78 

45 

28 

42 

71 

7 

0 

45 

77 

43 

24 

35 

67 

8 

0 

43 

76 

40 

21 

25 

63 

9 

0 

42 

75 

38 

19 

17 

60 

10 

0 

41 

74 

36 

17 

11 

57 


4. CORRELATION ANALYSIS 

Annual — Annual correlation patterns were obtained for Illinois using 
36 long-term stations (fftiff, 1979). The results showed that the correlation 
between raingages decreases faster in some direction than in others. These 
directional differences were primarily due to prevailing storm movements, 
but the correlations can also be affected by topography and other factors. 
These results indicated that the optimum raingage spacing for the measurement 
of annual precipitation in Illinois would require a greater density of 
raingages in north and south directions than in west and east directions to 
maintain an equivalent degree of measurement accuracy in all directions. 

Table 4 shows median correlation coefficients in each of 8 directions 
for all stations combined over distances of 40 to 240 km. The largest 
correlation coefficients at all four distances occurred with NE, E, SW, and 
W directions, which is in agreement with expectancies from the standpoint 
of prevailing storm movement. However, differences among directions are not 
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exceptionally large. For example, the highest correlation at 80 km 
was 0.76 and the lowest was 0.68. These account for 58' and 46%, 
respectively, of the variance between point precipitation measurements 
separated by this distance. For all directions combined, the coefficients 
of 0.90, 0.72, 0.58, and 0.45 at distances of 40, 80, 160, and 240 km account 
for 81%, 52%, 46%, and 20% of the variance. Thus, the correlation decay 
with distance, and, therefore, the representativeness of point precipitation 
measurements, decreases quite rapidly. 

TABLE 4. Correlation Decay of Annual Precipitation with 
Distance and Direction for Illinois 


Median coefficient at given distance (km) 


Direction 

40 

80 

160 

240 

NE 

0.93 

0.76 

0.63 

0.52 

E 

0.92 

0.75 

0.60 

0.55 

SE 

0.89 

0.71 

0.57 

0.38 

S 

0.88 

0.69 

0.53 

0.38 

SW 

0.90 

0.73 

0.62 

0.53 

W 

0.90 

0.73 

0.60 

0.50 

MW 

0.85 

0.68 

0.51 

0.33 

N 

0.89 

0.72 

0.55 

0.38 

All directions 

0.90 

0.72 

0.58 

0.45 


combined 


Monthly and Seasonal — Huff (1979) used data from two dense networks 
in east central and southern Illinois to investigate monthly and seasonal 
correlation patterns. Analyses were restricted to the May>September period. 
Convective precipitation dominates in this period and the spatial variability 
in rainfall was obtained (Huff, 1966). Correlation coefficients were 
calculated for distances of 3.2 to 32 km. Results of the monthly and 
seasonal analyses combining data from b')th networks are summarized in 
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Table S. Only small differences occurred between monthly and seasonal / 

correlation relations so that a total storm sampling network would satisfy 
sampling for both periods. 


TABLE 5. Average Monthly and Seasonal Correlations Tor 
May-September in Illinois 

Average correlation coefficient at given distances (km) 


Period 


6.4 

9.6 

12.8 

16.0 

19.2 

24.0 

32.0 

Monthly 

Seasonal 

0.95 

0.95 

0.91 

0.91 

0.89 

0.89 

0.86 

0.87 

0.84 

0.86 

0.83 

0.85 

0.81 

0.84 

0.78 

0.81 


Storm — Huff (1979) analyzed the spatial correlation relationships in 
storms, using data from two Illinois dense raingage networks to provide a 
range of measurements that included 1-min and 10-min average rainfall rates 
in addition to total storm rainfall. The two networks were 260 and 1000 km^. 
Analyses were made of the effects synoptic weather type, storm intensity, 
and duration have upon the spatial distribution of storm precipitation, and 
are summarized in Table 6. 

The data were separated into three ba:,ic synoptic storm types through 
use of published synoptic weather maps of the National Weather Service. 

Types included frontal storms, low center passages, and air mass storms. 
Analyses did not show substantial differences in the patterns associated 
with the various frontal types and squall lines, so all were combined in 
the frontal storm group (Huff and Shipp, 1969). Low center storms shows 
little variation with distance, frontal storms decrease somewhat with 
distance, and the correlation in air mass storms decreases to 0.74 at 16 km. 
The correlation patterns for the synoptic conditions (not shown) indicate 
striking differences between air mass stoims and low centers. With low 
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centers the correlation coefficient exceeds 0.90 over the entire 1000 
network, whereas in air mass storms it decreases to less than 0.60 in 
seme directions only 16 kn from the central gage. 

The storm duration relations in Table 6 are interesting. Correlation 
decay decreases with increasing duration with storms lasting up to 12 hours, 
then the trend reverses. A similar behavior was observed in the October-April 
storms and on other networks, the reversal appears to be real rather than a 
sampling vagary present in this particular sample of storms. A possible 
explanation is that the long duration storms are usually associated with 
extensive synoptic storm systems, and storm movements across the network 
are more likely to shift during these lengthy storm periods as the weather 
system approaches and passes . 

The mean rainfall groupings in Table 6 indicate that average precipitation 
within a sampling area has very little effect upon point-to-point correlations. 

The trend of correlation is very erratic with increasing mean rainfall, and 
is relatively low in three of the five data groups. Erratic trends and 
relatively low correlation coefficients were also found during the Cctober-April 
period. 

At the bottom of Table 6 relations are shown for 1-min and 10-min 
rainfall rates Tor comparison with grouped storm relations. The 1- and 10-min 
correlations show rapid decay with distance indicating the great variability 
in rainfall rates within storms. 

5. SYNOPTICS 

Generally, summer or warm season storms provide the most rainfall 
'ariability in the mid latitudes (Huff and Schickedanz, 1970), because of 
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TABLE 6, Variation of Correlation Coefficient with Distance about 
Central Gage in Illinois during May-September Storms 


Average correlation coefficient for given distance (km) 


Group 

N 

1.6 

3.2 

6.4 

9.6 

12.8 

16.0 

Fronts 

195 

0.98 

0.96 

0.94 

0.91 

0.88 

0.86 

Low centers 

28 

1.00- 

0.99+ 

0.99 

0.98 

0.97 

0.96 

Air mass storms 

73 

0.97 

0.94 

0.87 

0.79 

0,76 

0.74 

5 3 hour 

184 

0.96 

0.91 

0.82 

0.75 

0.70 

0.65 

3. 1-6.0 hour 

61 

0.97 

0.95 

0.90 

0.86 

0.81 

0.76 

6.1-12.0 hour 

29 

0.98 

0.96 

0.93 

0.91 

0.89 

0.87 

12.1-24.0 hour 

19 

0.97 

0.95 

0.82 

0.72 

0.69 

0.66 

O.Cl-0.10 inch 

111 

0.96 

0.93 

0.90 

0.88 

0.87 

0.82 

0.11-0.25 inch 

53 

0.64 

0.22 

0.05 

-0.02 

-0.06 

-0.10 

0.26-0.50 inch 

33 

0.86 

0.69 

0.32 

0.11 

0.06 

0.03 

C. 51 -1.00 xach 

36 

0.84 

0.68 

0.38 

0.22 

0.12 

0.06 

>1.00 inch 
1-min rain rate 

19 

0.96 

0.93 

0.88 

0.82 

0.77 

0.71 

(Goose Creek) 

3142 

0.77 

0.60 

0.40 

0.31 



10-min rain rate 

2892 

0.76 

0.61 

0.44 

0.38 



the convective nature of 

many of 

the rain 

events . 

A study of 

the general 


weather types and of some of the pertinent summertime precipitation 
characteristics was done for METROMEX (Vogel, 1977; Vogel and Huff, 1978) 
using available synoptic and mesoscale data for each of the 530 rain events 
or "storms" which occurred during the 5-summer period from 1971 to 1975. 

Each storm was classified into general weather types which best defined 
the rain-producing mechanism of each storm. The eight storm types are given 
in Table 7. A complete definition of each storm type is given in Vogel (1977). 
The METROMEX raingage network consisted of 222 raingages distributed evenly 
over 5100 km^ surrounding St. Louis. The network was circular and had a 
radius of 40 km. 

The storm type with the greatest frequency of occurrence were air 
mass storms which made up 27\ of all the storms. Air mass storms had no 
apparent large-scale or mesoscale support and were usually widely scatter to 
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scattered and weak. However, these storm, even though they were observed 
most frequently, accounted for only 2% of the total precipitation. The 
average network mean rainfall for air mass storms was 0.2 mm and the 
average rainfall recorded in only those gages with rain was 2.8 mm. The^e 
storms covered about 7% or 360 km^. The individual convective entities 
covered an area between 20 and 70 km". At a point these storm can provide 
some locally heavy rains, in excess of 12 nun, but they made up only a small 
percentage of the storm rainfall over the region for individual events or 
for a summer. In southwestern United States, which is a semi-arid to 
arid area, extreme spatial variability has been -jOserved over small areas 
(Osborn et al. , 1980). Such air mass rains typically make ap a large part 
of the annual rainfall. 

The next most frequent storm type was squall zones which consisted of 
semi -organized to organized clusters or groups of showers and/or thunderstorms 
with motion continuity in time and space. Squall zone storms comprised 25% 
of the storms and 25% of the total summer rainfall. On ti.e average, they 
covered slightly more than half of the network, had a network areal average 
rainfall of 3.4 mm, and those gages with rain in the network averaged 6.4 mm. 
Squall line storms were the next most frequent storm type over M£TR0MEX. 

The squall lines were usually intense, well organized lines of convection 
accompanied by strong, upper-air irpulses. Even though these storms only 
made up 15% of the storms, 51% of all the rainfall was recorded during these 
storms. The average network rainfall in squall lines was 11.9 mm, for only 
those gages with rain the average gage amount was 15.7 mm, and 76% of the 
network had rainfall amounts of 0.75 mm or more. Squall line and squall zone 
storms were the only two storm types which, on the average, covered more tha- 


half of the network. Cold fronts occurred almost as frequently as 
squall l..nes (14%). The rains associated with these storms were often 
well organized, but occasionally cold fronts moved across the network 
with only widely scattered convective elements and light rain amounts. 

Cold front storms accounted for 12% of the total rainfall, had network 
average rains of 3.1 mm, in only those gages with rain the average point 
rainfall was 9.4 mm, and the average areal coverage was 33%. Overall, squall 
lines, squall zones, and cold front storms were often well organized, covered 
large portions of the network, and consisted of convective elements with 
locally intense rain rates with large spatial and temporal variations in 
time and space within the storm and for the whole storm. 

In addition, squall line, squall zone, and cold front storms accounted 
for 54% of all storms which traversed the network, but 88% of the total 
summer rainfall. For reasonable measurements of climatic precipitation 
amounts in the Midwest or in regions with a similar climate, it is necessary 
to be able to measure the rainfall within these '.tor; s. Other areas receive 
a significant portion of monthly, seasonal, or annual rainfall fron. air mass 
storms, and to adequately measure rainfall in these regions, it is necessary 
to be able to delineate rainfall amounts from these storms. Thus, to 
represent the precipitation amounts from convective storms it is necessary 
to resolve rainfall amounts from widely scattered air mass storms to well 
developed showers and thunderstorms organized into meso- and large-scale 
atmospheric disturbances. 
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TABLE 7. Summary of Precipitation Results from Synoptic 
Analysis of 1971-1975 METROMEX Summers 


Weather Ty 


Percent 
frequency 
of weather 
types 


Percent 
of total 
jrecipitation 


Storm 

point average 
Jrecipitation (mm) 
Gages with 
zages precipitation 


Percent of 
storm area with 
precipitation 


Squall line 

IS 

51 

11.9 

15.7 

76 

Squall zone 

25 

25 

3.4 

6.4 

52 

Cold front 

14 

12 

3.1 

9.4 

3.5 

Stationary front 

6 

7 

3.9 

10.9 

38 

Warm front 

4 

2 

1.6 

4.1 

36 

Pre § Post 
frontal 

8 

1.5 

0-7 

3.3 

20 

Air mass 

27 

1.5 

0.2 

2.8 

7 

Low 

1 

+ 

1.3 

5.1 

25 
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Microwave Radiometry Sampling Problems Demonstrated With Nimbus 5 

Rain Rates versus GATE Data 


E. Raschke and E. Ruprecht 
Institue fur Geophysik und Meteorologie, 
Universitat Koln, F.R.G. 


1. Introduction 


Sampling problems raise large difficulties for the precipitation 
measurements from space. In the main rain producing area, 
the tropics, rainfall processes are organized in scales 
which can be hardly resolved by the microwave radiometers 
on board of satellites. Even in the cloud clusters, which 
mark significant, large extended signals in the visible and 
infrared images, the precipitation areas cover only a small 
region. Our analysis of the cloud clusters over the W-Pacific 
Ocean revealed that more than 50? of the area of a typical Western 
Pacific cluster are without rain (Ruprecht and Gray, 1976). 

The concentration of the rainfall is seen from the two figures 
of that analysis (fig. 1+2). The radar observations during 
GATE generally confirmed those results (House and Cheng, 1977). 

In this study the rainfall was calculated from Nimbus V microwave 
data at 19 -35 GHz and the results were compared with the GATE 
radar rainfall. It will be shown how the results can be improved 
if the rain areas within the field of view of the ESMR are 
determined by additional observations and lead to a correction 
of the microwave brightness temperature. A first order method 
is developed which uses simultaneous IR data for the determination 
of the rain areas. The method will be demonstrated on a few 
case studies. 

2 . Data 


Five days (Aug. 31 » Sept. 2, 4, 5, 7, 1974) are chosen out of the 
21 days of phase III of GATE. During these days the subsatellite 
path of Nimbus V was direct over or very close to the GATE B-area. 
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Fig.l Area distribution of rainfall intensity within the typical 
Western Pacific cloud cluster (Ruprecht and Gray, 1976) 


WESTERN PACIFIC CLOUD CLUSTER 
Hourly Roinfoll 



Fig. 2 Western Pacific cloud cluster cumulative rainfall vs. hourly 
rainfall intensity rainfall amount. Curves b and c portray 
the cumulative frequency of rainfall vs. rain hours (curve b) 
apd for all hours (curve c) (Ruprecht and Gray, 1976) 
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The microwave radiances are available once a day at noon with a 
spatial resolution of 25 x 25 km near nadir. 

The rainfall data are derived from radar observations 
(Hudlow and Patterson, 1979). They are given for each hour 
with a spatial resolution of 28 x 28 km. All 1^8 data fields 
of the so called "Master Array" are used. 

The Nimbus V data are rearranged in a grid system with a spatial 
resolution similar to the radar rainfall data. For the 3 days - 
Aug. 31, Sept. 2 and 7 - the resolution is 28 x 28 km. For the 
other two days when the subsatellite path not directly cross the 
"Master Array" the observations of 2 data fields are averaged to 
give a resolution of 28 x 56 km. 


3. Theoretical aspects 

'the equation of radiative transfer for the microwave region 
is iteratively solved (Jung, I 98 O) with the following assumptions 
and parameters. 

a) The vertical profiles of temperatures and humidities are 
given by the GATE B-scale mean of phas^ III. A small 
correction was applied to the temperature profiles in the 
rain area given by Gray (1977). Constant mixing ratios are 
assumed for CO 2 and O^. 

b) During the observation period the surface winds were not 
stronger over the GATE area than 7 m/s, thus we assumed 

a smooth ocean surface and undisturbed Fresnel-reflection. 

c) The rain clouds are modelled with 2 layers: the lower 
layer is a pure rain cloua with a Marshall-Palmer rain drop 
distribution, the upper layer has a thickness of 1 km and 
contains either cloud drops with a liquid water content of 
0.1 g/m^ or a Marshall-Palmer ice particle distribution for 
an equivalent rain rate of 5 mm/h. The top heights of the 
clouds, that is the top of the upper layer, is determined 
from the radiation temperature in the IR. 
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A. Correction method 


OF 



The first test of the derived rainfall rates was done with 
averaged data. The rainfall rates were calculated for each 
data field of the "Master Array” and then averaged. These 
mean rainfall rates for each of the 5 days are compared with 
the mean radar rainfall in Fig. 3* The curve depicts the 
theoretically derived relation between microwave brightness 
temperatures and rainfall rates for clouds with top heights 
above 5 km. 

It is obvious that the rainfall rates will be underestimated 
if the theoretical curve is applied. That is also true for 
all individual data fields as shown by the error bars 
(standard deviation). The results in Fig. 3 can also be 
interpreted in this way that the observed brightness temperatures 
are too small for the given rainfall rates. We believe that 
the main reason for this underestimation is due to the fact 
that the microwave data with a spatial resolution of 
25 X 25 km cannot resolve the individual rain clouds or cells 
but give an average over an area with rain and large portion? 
without rain (beam filling problem) . 

It is assume that the observed brightness temperature T^^ 
consists of 2 components: the brightness temperature of the 

rain area Tj^^and of the non-raining area Tj^j^. It :..s further 
assumed that Tj^^ is an area-weighted mean of these two 
components : 



f . (1 - f) 


( 1 ) 


f s horizontal fractional area of the rain clouds. 


From Eq. (1) T^^ can be calculated with the knowledge of f. 
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Fig. 3; Mean brightness temperatures against mean radar 

rainfall rates averaged over all data fields with 
mean cloud top heights greater than 5*5 i<m. The 
bars give the standard deviation (full lines = 
theoretically derived curve) . 


The determination of f is based on the general knowledge about 
the nature and the distribution of clouds in the tropics and 
especially on the observations during GATE. The following in- 
formation can be used: 


a) Clouds with tops below 3.5 km produce no 
(e.g. Riehl, 1979)^ 


rain 
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b) During Phase III of GATE only 0.2)t of the total rain was 
observed in areas with echo top heights below 5.5 km 
(Cheng and Houze, 1979). 

c) In the presence of deep convective clouds in the GATE 
B-area rain occured only beneath those clouds with top 
heights above 8.8 km ( Tjj^< 247 K ) (Stout et al . , 1979 ). 

d) Nearly 50 % of the area with deep convective clouds is 
non-raining (Cheng and Rodenhuis, 1977). 

e) From the radar observations the fractional coverage of 
each data field with rain rates greater than 0,5 mm/h 
is given. 

Based on these informations four criteria are assumed to 

determine the horizontal fractional area of rain cloud f; 


Criterion 

^nfoznatlon 

Assumption about the 
cloud distribution 

Fractional 
coverage f 

1 

a) 

no 

fractional coverage 
of all clouds with 
h > 3.5 km 

2 

b) 

no 

fractional coverage 
of all clouds with 
h > 5eS ka 

3a) 

a)+c) 

shallow clouds are 
predominant 
fractional coverage of 
deep cloud h > 8.8 )cn 
is less than 20 1 

fractional coverage 
of all clouds with 
h > 3.5 )un 

3b) 

d) 

deep clouds are 
predominant 
fractional coverage of 
deep clouds h > 8.8 )wi 
is greater than 80 % 

50' % of the 
fractional coverage 
of all clouds with 
h > 8.8 Icm 

30 

c) 

fractional coverage 
of deep clouds 
(h > 8.8 loa) is 
between 20 and 80 % 

fractional coverage 
area of all clouds 
with h > 8.8 )cin 

4 

h ■ elowj 

1 

a) 

1 top height 

no 

fractional coverage 
of radar rainfall 
rate >0.5 sn/hr 
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The threshold (80S) to distinguish the different cloud types 
in criterion 3 were chosen after a careful study of our data. 
The brightness temperature for the non-raining areas T^j^ was 
derived from the observed temperatures for the data fields 
without radar rainfall. The average of 160 K was adopted as 
a constant value for all non-raining areas. 


5. Results 


For each data field the observed brightness temperature is 
corrected applying criterion 1 to The top heights of the 
clouds are determined from the IR observations from SMS 1 
vith a spatial resolution of 7.5 x 3.5 km. The rainfall rates 
are computed with the corrected temperatures for each data field. 
The results are shown in Tab. 1. The first 3 columns give the 
technical informations, in the Mth and 5th column the comparison 
is shown between the calculated rainfall rates and the radar 
rainfall given as total water output over the "Master Array" 
in absolute (column 4) and relative (column 5^) values. 

With the uncorrected brightness temperatures the rainfall 
rates are underestimated by more than 50 %. The correction 
method 3 gives a drastic improvement although then a large 
deficit is sometimes encountered. 

The frequency distributions shown in column 6 give a hint, why 
the calculated rainfall is underestimated: the frequencies 

of the intense and low rainfall rates are too small. 

It is remarkable that the correction M, based on the radar 
rainfall itself, does not give an improvement. The horizontal 
movement of the disturbances increases the rain area at the sur- 
face when averaging is done over s finite time period, thus f 
is still too large after the correction. 

The results have shown that it is principally possible to over- 
come some of the sampling problems by applying such a simple 
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corriction method to the brightness temperatures. The method 
will be further tested with more GATE data and if data available 
for other regions. Besides the space sampling problem there 
exist also time sampling problems. In Cologne we are working 
on that problem although not yet with rainfall data but with 
radiation observations. I shall show a result which may also 
be applied to rainfall. The global radiation measurements 



Table 1: Comparison of the total water output over the 

"Master Array" calculated by the radar rainfall and 
the computed rainfall rates with different correction 
schemes . 


0«teriptiofi of th« 

Otto 

Ground 

Total oatar 

fraduancy dixtribucion 



Tiiaa 

raaolution 

output over tha 

of tha run rotca 




(CMT) 

(ka) 

CATC naatai 

Array 

t 

o . 1 -0 . 5 1 

c.S-1 

1-3 

3-5 

>5 mm rt 


31 .04.74 

24 a 21 



— 

■1 


■ 

|||||||H 

radar roinfall 

12-13 oo 


5.2 




3 



uncorraetad 



2 .0 

34 



mm 



T- ccrraction'to 1 




M 



■■ 



corraction to 2 

12.43 



49 




BB 


corraction to 2 




44 



BS 



corraction to 4 



1 1 

59 

■H' 

IBHI 

Bfl< 


^^Bll 


o2.of .74 

24 X 24 








radar rainfall 

12-14.00 


34.4 


35 

25 

45 

1o 

4 

uncorraetad 





24 

15 

19 

2 


T.. corracticfrto 1 





27 

17 

19 

2 


ri't corraction to 2 

11.00 




21 

24 

21 

a 


corraction to J 





27 

17 

23 

7 

1 

corraction to 4 





23 

24 

21 

4 



o7. 09.74 

24 X 24 

m 







radar rainfall 

12.-13.00 





4 

4 



arr^rrtcttd T__ 




42 

5 

3 

4 



r,. ccrrartiofi'^to i 




57 

5 

4 

4 

1 

r'l corraction to 2 

12.47 


3.1 

59 

7 

4 

4 

1 

ccrraction to 3 



3.1 

40 

4 

5 

4 

1 

1 

T.JI corraction to 4 



3.4 

44 

5 

4 

4 




o4.ef.74 

s« 1 




■■ 




radk'r rninfa^l 

13,-14.eoj 


14.1 


11 


3 

4 

1 

.«.hcoi ractad 



7.2 

49 

4 


2 

1 


Tj- cv'rraction to i 



4.1 

55 

5 


3 

1 


T;. eon action to 2 

11.14 


4.5 

54 

5 

lo 

4 

1 


cerraCKion to 1 



12.9 

44 

5 

7 

9 

2 


corraction to 4 



10.9 

75 

2 

9 

7 

( 1 



o9.o9.74 

14 X 24 









12. -13.00 


n.s 


14 

3 

'5 

4 

5 

whcorractad 



ill 

73 

4 

4 

17 

5 


T cerraction^to i 



k4.2 

75 

9 

4 

>4 1 

5 


?!:!! corraction to 2 

12.31 


19.7 

79 

7 

9 


5 


corraction to 3 



12.1 

112 

9 

4 

n 

1 » 

3 

r?; corrreileit to « 

Li! 



^9.7 

1o4 

‘ 1 

5 

15 

« 

1 

4 


D-91 

































OKlGlNAL ! Ai '- 
OF POOR QJALnY 


for 2 years every minute at Zurich are used to derive a simple 
model which is applied to calculate the daily sum of the 
radiation with only a few individual observations. Pig. 
sho* : the relative error with the integration time for 
1 and 3 sampling points per day. The error for actual cases 
can be large but they decrease after a week of integration. 
Similar studies are planned for the precipitation thus it 
will be possible to derive realistic climatological 
rainfall patterns with only a few observationj per day. 



Fig. Relative errors with integration tin,e of the global 
radiation derived from 1 and 3 obsf.rvations per day. 
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1. INTRODUCTION 

Rain estination from apace affords the 
hydrologic community the opportunity to monitor 
precipitation over time and apace acalea not before 
possible from in situ means. To be able to estimate 
accurately the precipitation over very large areas 
and for long periods of time offers the 
agriculturalist a solid input of the moat crucial 
variable in crop prediction models. Likewise, 
hydrologists can better assess the water supply 
through estimates of precipitation over large 
uninstrunented watersheds. Climatologists also have 
an interest. Through monthly precipitation 
estimates over the tropical oceans, climatologists 
can more accurately determine the energy budget of 
the earth's climate machine. There is Indeed a wide 
range of interest in rain estimation, and, as a 
consequence. Just as wide a range of scales of 
interest. This leads to the question of whether or 
not existing techniques supply the required 
accuracies at the various scales of Interest. 

In this paper a method which objectively 
analyzes the performance of rain estimation 
techniques is described. It Is applicable to any 
form of rain estimates but, for the sake of brevity, 
only results from the Griffith/Woodley satellite 
rain estimation technique are tested in this study. 
Rain estigates over south Florida are compared over 
a 9350 kffl^ area equipped with rain gages at a 11 km 
spacing. Several statistical tests, outlined by 
Flueck 0981) and Huff (1970) are conducted on the 
error (S-G) for various space ano time scales. 
Results, although preliminary, allow the community 
to objectively determine the feasibility of the use 
of satellite rain estimates at various scales of 
interest. 



Figure I. Recording raingage locations in 
the FACE target area. 


2. DATA BASE 

In conjunction with the Florida Area Cumulus 
Experiment (FACE), a weather modificati(^ project, 
raingages were deployed over a 13000 km^ area in 
south , central Florida . The approximate gage 
locations are shown in figure 1. There were 100 
raingages operating in the quadrilateral area of the 
FACE target during the summer of 1978. 

Data are recorded in 5-minute increments and 
for this exercise were integrated over 30 minute 
periods. The analysis was carried out from 1200 to 
2100 local daylight time. 

For the purpose of this analysis, the data 
points were transferred to an evenly-spaced grid. 
This was done by applying objective analysis 
routines described by Cressman (1959). Basically 
the scheme works as follows: The area is subdivided 

into a grid system with points spaced every 11 kn. 
These represent centroids to areas of influence of 
each raingage value. A computer program is used to 
search out the two raingage locations closest to the 
gridpoint and a weighting function is derived based 
on the relative distance of these gages. If a 
raingage falls within 2 km of the gridpoint, the 
actual gage value is assigned to that gridpoint. 
The distribution of gridpoints using such a scheme 
is depicted in figure 2. Bi-linear interpolation is 
then used to derive 2 Intervening values; leading to 
one ground value every 3.7 km. 



Figure 2. Crid for tht. Creseman-interpolated 
raingage values 

Nominally, infrared satellite imagery is 
recorded every 30 minutes. Full resolution grid 
spacing is approximately 8 km (l.e. two objectively 
analysed gage values on a aide). This allows us to 
compare, one to one, ground values and satellite 
derived values over coounon area and time scales. 
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The satellite technique used for this 
demonstration Is the Grimth/Woodley convective 
rain estimation technique. It is a 
computer-autoinated, life history technique described 
In these proceedings (Griffith & Woodley, 1981). 
This technique was empirically derived over south 
Florida and applicability of the results of these 
error analyses to areas climatically dissimilar to 
Florida should be questioned. Ultimately, the 
performance ot any rain estimation technique should 
be tested over various climate regimes. 

For the purpose of this workshop, 13 FACE 
cases in 1978 were processed. Comparisons were made 
over 4 subareas beginning with the single pixel 
resolution at 55 km^. It should be noted that all 
error analyses are the combined effect of errors due 
to the satellite technique and errors Inherent In 
the sampling of rainfall at this raingage density. 
Work by Huff (1970) suggests that in basins (<1500 
km^) instrumented with one gage every 55 km^. the 
sampling error due to raingage density can be as 
large as 40% In light rain cases (< 2 mm). 

The grid array used for the satellite 
estimates is shown in figure 3. Note the area la 
within the boundaries of the ground network in order 
to eliminate any trending caused by the objective 
analysis scheme. The subareas of comparison between 
the satelllte>-inferred and raingage-derived 
rainfalls are aiso shown; these areas are: 1) each 
full resolution ^Ixel (55 km^), 2) four pixels 
combined (220 km^), J) the four quadrants of the 
target area (2200 km^) , and 4) the full rectangular 
area covering most of the target (9350 km^^ The 
temporal resolution is similarly degraded from the 
beat satellite resolution of 1/2 hr through 1-1/2, 
3, and 6 hr comparisons. 



Figure 3. Satellite imgery grid apaaing and 
aubareaa of oorrpariaon in tha' FACE 
target area. 


j. STATISTICAL ANALYSES AND RESULTS 

The data were analyzed by fitting a linear 
regrtsaion and by computing the mean square error. 
For the linear regression analyses the slope, 
intercept and correlation coefficient were computed 
in the usual manner. The mean square error, HSE, Is 
deflner as 

MSE(d) « (dj)*/(t»-1) (1) 


and 

d = S-C (2) 

where S is the mean satellite and G is the mean gage 
estimate. The mean square error can be decomposed 
into the standard deviation (Var) and the bias (B) 
of the difference, d; 

MSECd) s Var(d) ♦ B^(d). (3) 

Because we used only a small subset of the total 
FACE sample, all results shown here should be viewed 
as preliminary. 

In performing the linear fits we regressed 
the satellite-inferred rainfall as the dependent 
variable and the gage-estimated rainfall as the 
Independent variable. In order to present tne worst 
possible case, points for which both the satellite 
and gage values were zero were not used. Both the 
satellite and gage estimates were accumulated over 
the 16 combinations of the 4 space and 4 time scales 
discussed in section 2. Results of the linear fits 
are shown in Figure 4 and Table 1. Figure 4 is a 
plot of the correlation coefficient as a function of 
area (along the abscissa) and period of accumulation 
(the family of curves). As can be seen, the 
correlation coefficient improves as either the 
length of the calculation or the area of Interest 
increases, and ranges from 0 at half-hourly 
estimates for one pixel to .92 for 6-hourly 
estimates over 9350 km^. The values In Table i show 
that the slope approaches 1.00 as the space and time 
parameters increase. For a given time period the 
regression intercept decreases as a function of 
network size. For a given area, though, the 
preliminary results show a different -trend. At the 
two smallest areas the intercept increases with 
time, whereas for the two largest areas the 
intercept initially Increases and then decreases as 
the period of calculation lengthens. It is possible 
that the Intercept results for the two smallest 
areas would show the same trend if longer time 
periods were Included in the analysis. 



Figure 4. Correlation ooefficienta over varying 
time and apaae acatea. 

The results for the mean square error are 
shown in Figures 5 and 6 for the bias and standard 
deviation of the difference respectively. In these 
figures, both the bias and the standard deviation 
have been normalized by the mean gage value for the 
basin of Interest. 
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Mean gage values are shown in Table 2. The mean 
bias of the error Is roughly 0.15 for all network 
sizes at 1/2, 1-1/2 and 3 hours; that is, the 
satellite estimates are systematically 15% higher 
than the mean gage value. The mean bias decreases 
to 0 for all network sizes accumulated over 6 hours. 
Similar to what was seen with the linear regre:: 3 ion 8 , 
the standard deviation of the error again decr^.ses 
as time and space increase. 



Figure 5. Syatematio error over varying time 
and epaoe eoalee* 


6 

» 



TABLE 1 

Slope (cop line) end InCerccpc (boctoe line) values 
for the linear regressions as a (unction of space 
(A and ciee (T h) . 



55 

220 

2220 

9350 

1/2 

.01 

.06 

.37 

.80 


1.63 

1.18 

.66 

.14 

1-1/2 

.13 

.21 

.62 

1.07 


3.10 

2.33 

.87 

.15 

3 

.28 

.37 

.66 

.97 


6.2 

3.33 

1.63 

.56 

6 

.38 

.67 

.92 

1.23 


a . 90 

3.80 

.42 

-1.50 


Before an accurate assessment of the errors 
in the Griffith/Woodley satellite technique can be 
made, all 51 experimental case days of FACE will be 
processed . At that time , work by Barnston and 
Thomas (NOAA/ERL) will provide a ground truth data 
set based on a hybrid system of raingages and radar 
which will potentially achieve a density of one 
value every 12 km^, thus reducing any errors 
attributed to the sampling of rainfall from 
ground-based systoms. Ultimately, an accurate 
analysis must be performed separating the errors 
derived from the ground measurements and those 
derived from the satellite estimation technique. 


Figure 5. Sampling error over varying time 
and apace acalea* 

Tau 2 


a, FUTURE WORK 

We Intend to use the Statistical Package for 
the Social Sciences (SPSS) (Nie fit jl. 1975) to fit 
a multivariate regression to these mean square error 
data. The regression would take the form 

E - bo + biR + b2A + bsT + buRA + bgRT + bgAT + ... 

b7X2+-... 


where £ Is mean square error. A is mean rain In the 
network, A the area of the network. T the length of 
the calculation and represents higher order terms 
In these variables. This regression would summarize 
the results shown In Figures 5 and 6 and, moreover, 
would permit any potential user to ascertain the 
error Inherent in using our satellite technique over 
the time and space scales of the user's Interest. 


Mean tage rainfalla (aai) aa a fimeeloa ef apace 
<A ka«) and tine (T h) . 
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220 

2220 

9390 

1/2 

1.44 

1.10 

0.59 

0.42 

1 - 1/2 

2.86 

2.33 

1.48 

1.16 

3 

4.72 

4.00 

3.01 

2.74 

6 

1.10 

7.36 

6.29 

6.07 
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5. SUMMARY POOR QUALITY 

A verification method to assess the relative 
error In rainfall techniques over a spectrum of 
spatial and temporal resolutions has been proposed. 

Initial results from the verification analysis show 
an average systematic error of for the 

Grlffith/Uoodley rain estimation technique. An 
ImproveMnt was found for increasing temporaJ and 
spatial scales. A useful data set is offered for 
other experimenters to compare their results over a 
densely Instrumented area. Lastly, we acknowledge 
the need to quantify the errors in techniques to 
estimate rainfall from remote platforms. 
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ABSTRACT 

Measurements of reflectivity at horizontal (2 h) and vertical (Zy) polarizations provide 
adequate Information necessary to ^nfer the two parameters of an exponential raindrop size distribution 
(Nq* Oq) where the distribution Is given by N(D) • NQexp(-3.67 D/Dq). This distribution in turn enables 
one to compute water content or still air rainfall rates. The physical basis of the radar technique is 
outlined and illustrated theoretically, and experimental results, comparing radar-derived rainfall rates 
with raingauge and disdrometer measurements, are reviewed. The technique should prove useful for many 
meteorological and hydrological purposes. Including ground truth measurements of rainfall rate over the 
ocean for comparison with satellite- re la ted observations. 

1. INTRODUCTION 


The accurate measurement of rainfall 
by remote sensing, especially by satellite, 1$ 
fundamentally Important to an improved under- 
standing of climate, earth resources and atmos- 
pheric-oceanic processes. [Martin and Scherer, 
1973; Wilheit et al., 1977; Viezee et al., 1978; 
Izrael, 1979]. Although a number of satellite 
measurement schemes have been devised for this 
purpose, they all suffer from one or more atten- 
dant problems as outlined by Atlas (1980). 

These problems result from effects of clouds and 
variations in humidityt variations in effective 
rain layer extent, limited spatial resolution 
and limited temporal resolution. In addition, 
every technique employed thus far depends upon 
empirical hypotheses which require ground truth 
observations for testing and evaluation. This 
paper addresses this latter need through the 
consideration and exploitation of the recently 
developed differential reflectivity (Zdr) radar 
technique introduced by Seliga and Bringi (1976) 
for the quantitative ground-based measurement of 
rainfall . 

2. REVIEW OF THEORY 

This Zqp radar technique utilizes 
measurements of reflectivity factor at horizon- 
tal (Zu) and vertical (Zy) polarizations to 
quantify rainfall intensity and estimate drop 
size distributions. is given by 

Zqr • 10 log Zh/Zv dB (1) 

Zh.V • «»H,v 

and, when combined with either reflectivity 


factor, yields estimates of the two parameters 
(Nq* Pq) of an assumed exponential drop size 
distribution. 

N(D) - Noexp(-3.67 D/Oq) m*’cm** (3) 

0 is the equivalent spherical diameter of the 
drops In cm and Dfn is the maximum drop size dia- 
meter. Also, although this distribution Is not 
always applicable, it has been found to be re- 
presentative of most rainfall events and Is 
commonly used by meteorologists. 

Rainfall rate (R) and volumetric water 
content (M) are related to N(D) as follows: 

/ OfM 

0^v(D)N(D)dD ninh"^ (4) 

V 

/Dm 

M • i / 03N(0)dD g - m*3 (5) 


where v(D) Is the terminal velocity of the drops 
(m - s’M. Note that N(0) or equivalently rain- 
fall is described by two parameters and, there- 
fore, at least two radar observables are required 
to obtain estimates of them. It *s for this rea- 
son that the conventional radar method of measuring 
rainfall using Z-R relationships [Batten, 1973; 
Wilson and Brandes, 1979] fails to quantify rain- 
fall rate adequately. 

The ZoR signal derives from the non- 
spherical shape and nearly connon alignment of 
raindrops falling at terminal velocity In the 
atmosphere. Furthermore, since each raindrop has 
its own characteristic oblate spheroidal shape 
[Pruppacher and Beard, 1971], ZOR Is uniquely a 
measure of drop size, or, as in the case of an 
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exponential distribution. It can be used to esti* 
mate Dq. Introducing either reflectivity factor 
^H,V gives Nq as Illustrated In Fig. 1. 



Figure U Theoretical basis for ths 
radar technique. 

This theory can be used to derive an equation 
for P 


6.82 X 10*’ Zh 
" * (Z„ . 0.471'-” 




0.5 i Zqp < 4.8dB (6) 


where ZuitnnS*^) and ZoR(dB). 

3. THE ZoR PAOAR SIGNAL 

Several schemes are available to 
measure Zqr [Bringl et a1.» 1980]. The most 
desirable scheme utilizes puUe-to-pulse switch- 
ing between polarizations and a square-law or 
power estimator. 


Zqr • 10 log 



where AujtV^* 1*1« m are pairwise sets of Inde- 
pendently correlated samples of the scattered 
signal amplitudes at horizontal and vertical 
polarizations, respectively, and m 1$ the number 
of Independent sample pairs available. This 
estimator Is asymptotically unbiased and has a 
theoretical standard deviation as given In Fig. 2. 
Note that the greater the correlation between the 
amplitude samples the better the estimeter of Zqr. 
Data obtained with the Chllbolton Radar facility* 
operated by the Science Research Council of the 
United Kingdom, showed that this correlation Is 
consistently high (>0.90) and not very dependent 
on Zqr when pulse-to-pulse mMSurements of Zh«v 
are used. These results Indicate that it Is 
reasonable to expect standard errors for ZpR In 


the range 0.1 - 0.3dB when around 60 or more Inde- 
pendent pairs of highly correlated samples are 
empicyed. Thus, a typical lOcm meteorological 
radar should be capable of measuring Zqr to very 
good accuracy In 0.4 - 1.0s at a single range 
gate, corresponding to times for Independence 
between pulse pairs ranging between 7 - 15ms. 
Spatial averaging and frequency diversity techni- 
ques may be employed to reduce the time period 
required for measuring Zqr. A corresponding 
standard error of Zh,v would be l.dB. 



Figure 2. Standard deviation of the square 
lau estimator for measuring 

4. THEORETICAL STANDARD ERRORS OF 

RAINFALL RATE ESTIMATES 

It Is of Interest to estimate the 
standard or random error of the rainfall rate 
derived from Zqr measurements. Applying analysis 
of variance [Barford, 1967] to Eq. (6) gives a 
fractional standard deviation (FSO) of R 


FSO • jo. 053 Var(10 log Zh) > 

(2.45)^V«r(ZpR) I** 
1 <Zqr> ♦ 0.47]^ I 


Var represents variance and < > refers to the 
sample mean. Thus, a typical FSD of a single 
radar-derived rainfall estimate would be 24% for 
a <ZoR> ■ 2dB, VardO loo Zh) ■ 1 and Var(ZoR) ■ 
0.04. Introduction of time and/or spatial aver- 
aging would further reduce FSO by l//ff where N 
Is the total number of Independent contiguous 
samples. This result laplles that random errors 
In ra^r R's should be Insignificant when applied 
to most spatial and toeporal scales of radar 
meteorological or climatological Importance. 

5. OTHER ERRORS 

In addition to the sutlstical varla* 
blllty discussed above, systematic biases In the 
estimate of R may also occur. These may be due 
to many sources, but the most Important ones art 
expected to be calibration errors In Zh y and ZpR 
Deviations from the exponential drop size distri- 
bution, raindrop oscillation, raindrop canting 
and beam-filling problems, could also lead to 
errors, both statistical and systematic. All of 
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these factors require attention and care In radar 
design and operation In order to understand com- 
pletely the limitations of the method. Neverthe- 
less, results to date are very encouraging as are 
shown in the following sections. 

6. CHILL RADAR: RAINGAUGE COMPARISONS 

Following the first measurements of 
Znp [Seliga and Bringl, 1979] In Oklahoma with 
the CHILL radar, operated by the Illinois State 
Water Survey, to confirm the existence and prac- 
ticality of measuring Zqr» a comparative radar- 
ra Ingauge experiment was planned 1n the Chicago 
metropolitan area during August 1978. On August 9 
this Chicago experiment led to an opportunity to 
compare time-averaged radar rainfall rate esti- 


mates over two separate 550 km^ areas (see Fig. 3) 
which contained 26 and 27 gauges each. This gauge 
density Is expected to produce around a 5X standard 
error In the average rainfall rate over these areas 
when averaged over a 1 h time period. Therefore, 
the gauge results provide a good standard for com- 
parison if a rainfall event over the two areas 
lasts for around 1 h. These conditions were met 
on this day ani produced the results shown in 
Tables I and 2 which compare rainfall rates In each 
of the two 550 km^ sectors and their seven subsectors. 
R obtained from the Zqr technique and two Z - R 
relationships (Z ■ 486 R^*^^ due to Jones (1956) 
and Z ■ 187 a calibrated relationship) are 
also listed along with the raingauge values and 
the ratios of radar-derived values to the raingauge 
values. 



Hgya^ J. Lccaticn of CMILL radar and raingca^oo near Chioago* 


TaWU I 

UIh/aU Mt« (nhr'M Utva •• tK« Zpfl (Rzoa)> 

(1914) Z’R ItUtiofttXiM (Xu), toingauf* C*U9rat«4 2*> ItUtlM- 
•Xig m 4 tht Xaingawit N«t«erll (R<;) ^4r RagiM S| Its 

$M4stct*r Araas luraciMi was IX 20 aifi. 


Araa (kaF) 

Sji . 21.1 

Na. af 
Caugas 

■c 

Xzoft 

kr*') 

•it 

*£R 

*20«^"C 



* 

1.0 

4.1 

2.2 

2.0 

0.04 

1.20 

0.30 

*12 

4 

4.2 

2.0 

2.S 

1.4 

0.42 

0.29 

0.33 

*M 

S 

2.0 

1.4 

2.1 

0.9 

0.70 

1.03 

0.43 

a 

1 

1.9 

2.0 

).S 

1.4 

l.OS 

1.04 

0.24 

»!• 

t 

2.9 

2.0 

3.2 

l.S 

0.09 

1.20 

0.32 

*10 

4 

j.e 

1.0 

3.0 

1.3 

voo 

1.20 

0.30 

*1 1 

S 

2.4 

2.0 

3.0 

4.3 

0.03 

1 30 

0.01 

*1(410) 

20* 

2.00* 

2.40 

3.00 

1.32 

0.22 

1.20 

0.32 


* iM Si* 10 iswgss tisr* caaaaw t« } sOjactat tu 4 iMl«ra (st« Fig. J) 


TiOU 2 

lAia/all Rats (aWir^M i«s«a m Zgg Tacluil,^ (RzoR)* 

()9$4) 2»R IflatiaasNiRS (RtR) . Rsingawga CaliOralsO Z-l RtlsilM- 
sliig (RC|) aiW tha Ralagawgt Matwark (R^) far Raglaa Sf Its 
SuOsactar Artas ■ Star* Ouraciaa was 40 aia. 


Araa (lua^) 

iii_- '• » 

Na. af 

Caugas 

•c 


•i. 

•ZR 

*ZW|/*C 


*ZR/XC 

Oil 

3 

1.2 

1.3 

1.9 


1.23 

1.14 

0.04 

*12 

3 

1.3 

1.3 

1.9 

0.9 

1.13 

1.30 

0.73 

*21 

4 

1.2 

1.3 

1.2 

0.0 

1.00 

1.44 

0.09 

*2% 

4 

1.3 

1.3 

1.3 

0.7 

1.00 

1.42 

0.02 

*13 

4 

l.S 

1.3 

1.3 

0.9 

1.02 

1.13 

0.34 

*20 

0 

1.2 

1.4 

1.0 

0.0 

1.12 

1.33 

0.30 

*27 

3 

1.0 

1.4 

1.3 

0.7 

1.40 

1.30 

0.20 

12(3**) 

22* 

1.20* 

1.41 

1.04 

0.01 

1.14 

».3? 

0.44 


* S}, 2 gaugas wara cavaa ta 2 aOjacaat saOsaaiars (saa Fig, 2). 
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Cofnparativt statistics of the rain- that their analysis Is based on storms of consld- 

fa11 data presented In Tables 1 and 2 are given erably longer duration (typically 5 hours or 

In Table 3. longer) than considered here. 


TftkU S 

Data Fft*aate4 i" Tablti I ana 2 


MtU fstiMttl 

») 

h 

Average 


O.fS 

1.17 

1.02 


l.S* 

I.IJ 

l.SS 


0.17 

0 04 

0.02 


0.77 

1.10 

O.MS 


1.20 

1.17 

1.12 


0.S2 

0.04 

o.so 

Av«ragt I 

■ 4 

*l “ *20«i 

24% 

20% 

22% 


40% 

4S% 

41.0% 


sa% 

S0% 

47% 

Fractional Staa- 1 

4 » t 4 Ocvlatiaa** — I 

■ • *1MI 

20% 

11. s% 

IS.1% 

■ . 

20% 

13.S% 

lf.S% 

« ■ 

24.0% 

14% 

10.4% 


^ I !! (■Ci . Ril 


•• FSO • StaiNiara Oavlatlaa af 
■ * SZIHI* 


Two different ratio estimates are considered. 
vl 2 ., <R>/<R^> and <R/Rg> where R now refers to 

^ZOR* ^$R ^ZR* Averages of these were obtained 

from Tables I and 2 for areas '^he combined 

average Is also shown In the last column of Table 3 
which demonstrates the superiority of the Znp 
technique over use of Z-R relationships. Note 
that Jones* Z-R relationship systematically 
underestimates the gauge rainfall rate while the 
calibrated Z-R relationship overestimates the 
gauge rainrate. An estimate of the relative 
average difference between gauge and radar derived 
rainfall rates is also given In Table 3. This 
difference is defined as 

1 A l^i - Ril C 

1 ^ Bgp- «nd Ri . Rzo^^. Rip^ or R^p^ 

The Zne technique yields considerably lower aver* 
age differences (221) than either of the two Z-R 
relatlcnahlps. This same sutlstic was estimated 
at 631 by Wilson and Brandes (1979) based on data 
from 14 storms using Z-R relationships to esti- 
mate ralnrates. Finally, Table 3 lists the 
fractional standard deviations (F$0) of radar to 
gauge ratios defined as e(R/Rg)/<R/Rg> where 

R « R 2 DP* R^ or R 2 P and o^(R/Rg) 1$ the variance 

of R/Rg. Again, the Zne technique gives a lower 
FSO than either Z-R relationship though these 
values are also quite small. Wilson and Srandes 
(1979) obtained an estimate of 301 for the same 
statistic based on data from 14 storms. Note 


7. CHIU RADAR: OISDROMETER CTAIPARIIONn 

On August 2, 1978, at approximately 
17:40 CST, a strong convective storm ipproac^. ’ 
the radar site directly from the West. The 
was operating In the Z{)p mode, step-scanni. ^ 
elevation at 1° steps every 8 s. During t * 
of radar measurements, three distinct low v 
tion angle data sets of Zh and Zqr were obt 
from which rainfall rate profiles with range . U 
be derived. Simultaneously, the dlsdrometer, 
which was located at the radar site, recorded the 
rainfall Intensity as the storm moved over the 
site from West to East. This combination of 
measurements provided an opportunity to compare 
the radar-derived range-dependent, rainfall rates 
with the time-dependent, disdrometer-derived rain- 
fall rates. In this event, a meaningful comparison 
is possible. If the storm is In steady state and 
If both measurements can be translated Into a 
common range or time axis through an appropriate 
transformation. 

Fig. 4 shows ZpR and Zh as a function 
of range for the last (storm nearest to the radar) 
radar scan prior to the storm reaching the site. 
Also shown Is Zh for the previous scan which 
occurred 4 min earlier. Comparison of the Zh 
profiles constitutes a test of whether the storm 
was In steady state. Clearly, both were very 
similar In structure, supporting the steady state 
assunptlon. 



Figur* 4, Zdp and Zg at a function of rangt* 

Zg at t^4 minuttt it alto thoun to 
Qcmpart with Zg in tuppert of t toady 
ttatt attwtpticn. 

The rainfall rate comparisons are 
shown In Fig. 5 where the dlsdrometer time data 
Is transformed uniformly over range according to^ 
the mean estimate of the storm’s speed, 18 km hr*^ 
Note that the dlsdrometer data Is lagged so as to 
co-locatf the two peaks of R at ranges 2.8$ and 
3.15 km. Also shown In tin* flgu^ Is R derived 
from the relationship Z^ • 300 R**^. The correla- 
tion between the radar and dlsdrometer profiles In 
the range Interval 2 • 4 km Is verv good. On the 
other hand, the Z-R relationship Is unable to 
rep^uce the large variability of R recorded by 
the dlsdroamter. 

The first two dlsdrometer peaks in R 
at 100 and 38 m hr*' are In excellent agreement 
with the first two radar peaks at 100 and 52 ip hr*'. 
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Rongt« km 

Figure 5. Radar cmd diadrcmst^r rainfall ratM. 
Rot 4 2 ^n*a ability to produca tha 
wiainlity ofRaa ompcsrad to a 
Z^R ralationahip-darii^ rata. 

Tht third ptak, howtver. Is considtrably dlfftr- 
tnt with tht dlsdromtttr and radar valuts btln^ 

34 and 100 wa hr*', rtaptctlvaly. Considtring 
tht tlmt daily bttwttn tht dlsdromtttr and radar 
obstrvatlons, this singit major discrtpancy out 
of thrtt ptak valuts could taslly occur btcaust 
of tht natural variability of tht storm bttwetn 
tht tint of tht radar mtasurtmtr.ts and tht tint 
tht storm passtd ovtr tht radar (disdromtter) 
sltt* 



Rang#, km 


Ovtrall comparison of tht storm struc- 
turt would bt vary good If a sprtad bttwttn tht 
front and rear of the storm as seen by tht radar 
occurred. Such an effect 1$ not unreasonable In 
convective storms and could explain the discrepan- 
cies In the profiles with range. Fig. 6 Illustrates 
tht two measurements when the radar data (three 
peaks) are extended over range to accoeieodate such 
spreading. This figure clearly Illustrates that 
a very good comparison between the radar and dls- 
drometer measurements resulted. 

8. CHIIBOITON Mm: OISOROHETER 

COMPARISONS 

A current cooperative research program 
bttwttn Ohio State University and the Rutherford* 
Appleton Laboratory resulted In measurements of 
dlsdrometcr-derlved rainfall drop size distribu- 
tions at a fixed site with the radar beam directed 
over the disdromtter. Although this effort has 
yielded a limited data set which has not been com- 
pletely analyzed yet, the results are very encour- 
aging In that calculated values of Zqr, obtained 
from the disdromtter measurements and Pruppacher 
and Beard's drop shapes, correlate very well with 
the radar measurements of ZoR. This result Is 
shoimi In Fig. 7 and provides strong confirmation 
that Zqp actually does estimate drop size. It Is 
clear from these measurements and the limited 
CHILL results, presented previously, that the ZoR 
technique has great potential for producing a 
significant Improvement In radar's ability to 
quantify rainfall. 



Zon.Rodar 


figyara 7. Ccryopriaon of diadrmatar^darivad 
ard radar^-maaawrad Zof'e* 


fieiM a. C<n^ari 4 on of radar 2^ dis 
drcmatar rainfall ratoa whan tha 
radar raaulta cera alightly adjuatad 
in rmi 0 a to aoaamodata tha min 
diadrcmatar paaka. 
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9. RADAR MEASUREMENTS FOR GROUND TRUTH 

Should future experiments continue 
to support the Zqr reder technique es an accurate, 
reliable method of measuring rainfall, radar 
would then be ideally suited for ground truth 
observations of rainfall for coeparlson with 
satellite observations. The benefits of this 
approach would include: 

• Large spatial coverage from a single site. 

• Real time, centralized dau handling 
capability. 

• Continuous monitoring. 

• Both land and oceanic coverage. 

• t^ptability to different spatial and 
tmnporal scales. 

• Availability of other radar observables 
such as t)oppler. hydrometeor phase and 
storm structure data. 

• Relative ease with which existing radars 
can be modified for Zqr measurements. 

• Raingauges would be required only for 
periodic verification of proper radar 
systmn performance. 

Obviously, the radar measurements themselves 
could contribute greatly to the needs of climatic 
and TRydrological research and operations as well. 

10. OTHER APPLICATIONS OF THE Zne RADAR 
TECHNIQUE 

In addition to rainfall measurmaent 
for ground truth, several othe^ Important appli- 
cations of the Zne radar technique have been 
identified [Sellga, 19B0]; 

• Hydrology— flash flood foncasting; 

improved description and classification 
of storms; better understanding of topo- 
graphical influences on rainfall; develop- 
ment and testing of watershed and stream 
flow modeling. 

• Cloud Physics— organization and structure of 

clouds and precipitation on the meso- 
scale and microscale; evolution of drop 
size distributions in storms; validation 
and development of cloud models; diuri- 
mi nation of hydrometeor phase; hail 
detection; melting layer processes. 

• Cl Imetology— accurate rainfall measurement 

over large areas; correlation of rain- 
fall with cloud structure; perameteri za- 
tion of rainfall for applications in 
general circulation and climate models; 
regional rainfall statistics. 

• NMther HodifiMtion— accurate rainfall mta- 

surement; hydrometeor phase detKtion; 
statistical and deterministic evaluation 
of seeding effects; tracing of seeding 
materials within and outside of clouds. 

• of preeipiUtion and storms 
on satellite-ground and ground-ground 
CQMunlcation links; arosion of land 
surfaces and the surfaces of a rbome 


vehicles; scavenging of gaseous a.id 
particulate air pollutants. 

11. CONCLUSIONS 

The concept of mnploying dual linear 
polarization measurements of radar reflactivity 
factor was examined as a possible means of pro- 
viding ground truth rainfall rate data to compare 
with utellite observations. The theory of this 
differential reflectivity technique was reviewed 
along with the results of several experimental 
comparisons obtained with two different radars. 
Although the available data are limited, all the 
results obtained to date support the hypotNsis 
that the technique can be used for the accurate 
measurament of rainfall and. thus, should be con- 
sidered for ground-truth applications ir any 
future Mtellitc programs designed to monitor 
precipitation. Finally, trie advantages of this 
approach are identified and, although not speci- 
fically dealt with here, numerous other applica- 
tions of the radar technique are listed. 
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Abstract 

Several methods used tc estimate rainfall rate R are surveyed. The distribu- 
tion N(D) of dropsizes is of central importance in determining the reflectivity 
factor Z, attenuation rate K, and R. With single parameter measurement techniques 
either of the remotely sensed parameters Z or K can be used to estimate R when 
gross assumptions on N(D) can be made. If N(D) can be described by a two parameter 
distribution, dual measurement techniques can better estimate R without invoking 
these coarse assumptions. A review is made of three techniques whe'f’eby two vari- 
ables might be measured: (1) dual wavelength in which Z and K are remotely 

measured, (2) dual polarization in which reflectivity is measured with two ortho- 
gonal polarizations and (3) rain gage-radar combinations whereby in situ point 
measurements of R and radar measurement of Z or R are combined to obtain a better 
assessment of rain over areas between gages. 

1. INTRODUCTION 

Accurate estimates of rainfall rate R and/or cloud liquid water content M 
requires detailed knowledge of the liquid water dropsize distribution N(D). 

Although radar techniques have practical limitations and its accuracy in rainfall 
rate estimation is highly suspect, it has the decided advantage of remotely 
surveying vast areas and making millions of measurements in minutes. Radars in 
combination with satellites, rain gages, and other instruments may give the sought 
for accuracy of rainfall estimate with the ease of data collection inherent in 
remote sensing. 

To accurately characterize relations between water density and cloud dynamics 
with good spatial resolution, and to reliably sense the threat of unusual but 
significant events such as floods, there have been and still are efforts under 
way to improve the accuracy by which radar can better estimate rainfall. 

2. RAINDROP SIZE DISTRIBUTION 

Srivastava (1971) has determined the steady state N(D) for raindrops gen- 
erated by their breakup and coalescence (Fig. 1). He shows that the steady state 
N(D) is independent of the assumed initial distribution but depends upon the 
liquid water content. Calculations by Srivastava (1967) show that exponential 
distributions are quasi-stable with respect to coalescense in that they change 
rather slowly whereas narrow distributions tend rather rapidly toward the expo- 
nential shape. Although the steady-state distributions shown on Fig. 1 are not 
exponential, they can be fitted by truncated exponential functions at least over 
the dropsize range which contributes most to Z, R, and M. Thus, the use of 
exponential distributions in radar estimates of rainfall is justified, and two 
parameters of the exponential function would only need to be estimated. At 
larger R a third parameter, Dmax* be required to accurately estimate R, Z, 
and M. 
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Figure 1. Steady state raindrcp size 
spectra assuming coalescence and spon- 
taneous breakup of large drops. The 
Marshall-Palmer exponential distribu- 
tions for two rain rates are shown for 
comparison. Dashed line is an exponen- 
tial spectrum truncated at Djjj^=6. 5 mm. 
After Srivastava (1974). 
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Figure 2. The integrand of the rainfall 
rate equation (3) showing which drops 
contTribute most for an exponential 
dropsize distribution. 


3, RAINFALL RATE 


Gunn and Kinzer (1949) made precise measurements on the terminal velocity 
wto 0^ water droplets in stagnant air at sea level. These data are conroonly used 
in calculating the rainfall rate, on the ground, from N(0), and in deriving the 
Doppler velocity power spectra for vertically pointed radars. A useful approxi- 
mation to the data for w^q is 

w^q(D) = 9.65 - 10.3 exp [-600D] (m-s’^ (1) 

-4 

(Atlas et al. 1973), where D is drop diameter (m). If D lies between 6x10 and 
5.8xl0“^m, there is less than 2 percent error from the measured values of Gunn 
and Kinzer. We shall find it useful to have a power law fit for w^(D) data. 

Atlas and Ulbrich (1977) show that 

w^.q( 0) = 386.60°*^^ for 5x10’^ < D < 5x10'^ m (2) 

fits the data of Gunn and Kinzer in the indicated range of 0. An exponent of 0.5 
in (2) would be expected from theory, but this holds true only for the very 
smallest diameter (0.3 mm) drops which remain spherical. Rainfall rate R is 
obtained from 

R = ^ yo^N(D)w^(D)dD (3) 

We can derive a relation between R and the two parameters of an exponential 
distribution of drop diameters by substituting (1) into (3) which gives, after 
integration, the following formula for R 
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R = 


0 0 

(3.67)' 



10.3 

(1+163 D^j) 



(m-s"^ ) 


where Dq is the median volume drop diameter and MKS units are implied throughout. 
Nq is the number density per unit diameter for 0 -k». This formula applies only if 
the exponential N(D) is steep enough so that contributions to R from diameters 
larger than Dma„ insignificant. 


It is instructive to show the drop diameters that contribute most to the 
rain. So we have plotted on Fig. 2 the rainfall rate integrand of (3) assuming 
an exponential dropsize distribution. We see that even for the highest rain rate 
shown in the figure, most contribution to rain comes from drops having diameters 
less than 6 nim. Thus, significant rain comes from a narrow range of dropsizes 
(0.5^6 mm). This fact is of importance when power law equations are fitted to 
scatter cross section-drop diameter curves. However, R has been computed using 
the M-P distribution, and this is steeper than the steady state spectra especially 
at large R. Flatter spectra, as shown in Fig. 1, may have important contribution 
from drops of diameter near D^ax' 


4. SINGLE PARAMETER MEASUREMENT TO ESTIMATE RAINFALL RATE 


In this section, we discuss methods whereby remote measurement of one parameter 
such as reflectivity factor Z, or attenuation rate K, is used to estimate rainfall 
rate. 


4.1 R, Z Relations 

The remote measurement of R has considerable practical interest. For many 
years radar meteorologists have attempted to find a useful formula that relates R 
to the radar measured parameter Z. Unfortunately, there is no universal relation- 
ship connecting these parameters although it is common experience that larger 
rainfall rates produce more intense echoes. By examining Eq. (4) we see that, 
for the exponential dropsize distribution, we need to measure 2 parameters in 
order to obtain R. Thus, the radar determined value of Z alone cannot provide a 
unique measurement of R unless either Nq or Dq was uniquely related to R or to 
one another. 

There has been considerable effort to establish whether some of the dropsize 
distribution parameters might be known given the type of rain (i.e., stratiform, 
thunderstorm, etc.). Measurement of dropsize distributions around the globe 
under different climatic conditions were made, and Battan (1973) lists no less 
than 69 different R, Z relations! Even when rain conditions were supposedly the 
same (stratiform). Atlas and Chmela (1957) show considerable variability in the 
R, Z relations. For example, their data show the same reflectivity factor Z 
could be associated with an R of 33 mm/hr or 11 irni/hr, a possible 300 percent 
error depending upon which measured dropsize distribution is used. 

It is quite difficult to calibrate radars to within ±1 dB so there could be 
a systematic bias in the radar measured reflectivity. Some of this error can be 
compensated by choosing an appropriate R, Z relation. According to Cain and 
Smith (1976), the relation Z*155 r 1*88 removed any pervasive bias in the radar 
estimated rainfall RER, whereas in Florida Woodley et al . (1975) reported the 
Miami R, Z relation Z»300 Rl-^ worked better. We should recognize that even if 
the dropsize distribution was the same at two different locations, errors in 
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radar calibration can lead the meteorologist to develop an appropriate, but 
different R, Z relations that apply to each region. In order to develop an 
appropriate R, Z relation, radars need to be accurately calibrated so that other 
radars can use a common Z, R relation that may depend only upon different meteoro- 
logical conditions and not upon the radar used. 

In spite of the superfluity of R, Z relations, many of them do not differ 
greatly at rainfall rates between 20 and 200 mm/hr (for further illustrations and 
discussion, see Fig. 5 and Sec, 5.1). For stratiform rain, the Marshall-Palmer 
(M-P) relation (1948) , c 

Z = 200 r'*° (5) 

6 3 

with R in mm/hr and Z in mm m" has proven quite useful. Laws and Parsons (1943) 
dropsize spectral measurements give 

Z = 400R^-^ (6) 

More recently Joss and Waldvogel (1970) have used 

Z = 300R^-^ (7) 

and showed a 42 percent standard deviation (S.D.) between radar and disdrometer 
measured daily rainfall accumulations for 47 days of rain events throughout the 
1967 year. When they considered those 25 days in which rain accumulation was 
larger than 10 mm, the S.D. reduced to 28 percent. The use of three different R, 

Z relations (one for drizzle, one for widespread rain, and one for thunderstorms) 
doubled the accuracy of radar measured amounts of precipitation (S.D. = 13 percent)! 

Although the use of (5), (6), or (7) may produce large dispersion from the 
actual rain rate measured by a gage, the accuracy of rainfall measurements can be 
greatly improved by averaging in space or time. Leber, Merrit, and Robertson 
(1961) used (5) to obtain hourly averages of 10-cm radar rain rate during extremely 
heavy rain, and integrated these hourly averages to produce a 24-hour isohyetal 
map that compared very well with accumulated rainfall obtained from a dense 
network of rain gages. 

4.2 Attenuation Method 

Communication engineers and radar meteorologists have observed, for a wide 
range of rainfall rates and rain type, a consistent relationship between microwave 
attenuation and rainfall rate measured with rain gages along the path of communica- 
tion. Thus, accurate measure of attenuation might be used to obtain reasonable 
estimates of R without apriori information on N(D). 

It can be shown that if the extinction cross section at(D) is well approxi- 
mated by a power law dependence upon D in the range of diameters which contribute 
significantly to K, then liquid water content M and K would also be related by a 
power law, a result that is consistent with many experiments. Moreover, it can 
be demonstrated that the power law approximation, 

o^(D) - CD" (8) 
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for at(D) leads to a rainfall rate versus attenuation rate that can be independent 
of dropsize distribution! Atlas and Ulbrich (1974) first illustrated that the 
power law dependence between microwave attenuation and rainfall rate implies the 
"effective" power law dependence given by (8). 


Now let's examine again the rainfall rate formula (3). In order to have R 
expressed as an integral of a power law function of D, we are motivated to use the 
approximation (2) for terminal velocity w^q. Using (2) in (3) yields 


9 

i 


^ _ 7t(386.6) f d 3.67 


N(D)dD 


(9) 


Substitution of (8) into the attenuation rate formula 


K = 4.34 X 10' 


00 

I 


N(D) o.(D) dD 


km 


gives 


K = 4.34 X lOT 


00 

I 


N(D) D^dD 


( 10 ) 


( 11 ) 


V./ 

Comparison of (9) and (11) immediately shows that if the power exponent n had a 
value equal to 3.67 then R and K would be linearly related and, moreover, this 
relation would be independent of dropsize distribution! 


Atlas and Ulbrich (1974) fitted Waldteufel's (1973) numerically computed K, R 
values with a power law in the R interval 1-100 mm/hr. From these fitted curves, 
they have obtained values of C and n for a wide range of wavelengths (0.1-10 cm) 
and temperature (0-40°). These data (Fig. 3) show that n = 3.67 for A= 0.88 cm. 


Any wavelength near 1 cm would 
similarly show that attenuation and 
rainfall rate relations are relatively 
independent of the dropsize distribu- 
tions. This conclusion is quickly 
accepted if one refers to Fig. 4 which 
plots attenuation rate versus rainfall 
rate for 4 wavelengths. The circles 
are K and R values numerically computed 
using measured dropsize distributions 
(204 of them for 3 days) and the exact 
attenuation cross sections for each 
drop diameter at T * 10°C. These 
numerical values form the scattergram 
and lines are best fit of a log-log 
regression to the equation K=aR®. 

The regression equations and the 
average percent deviation of R are 
shown in the upper inset table of 
Fig. 4. Note how closely packed the 
data are for X~ 0.86 cm in spite of 
the large number of different drop 
spectra used and that at X* 3.22 cm, 
a larger scatter that might be attribu- 
ted to differences in dropsize spectra. 
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Figure 3. Curves of '^effective'* C and 
n in attenuation cross section 
versus wavelength and temperature. 

is in units of err if D is in am 
(from Atlas and Ulbrich ^ 1974). 
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Figure 4. Saattergrms and regression 
tines of K versus R at indicated wave- 
lengths. Inset table gives regression 
equations and average errors in R 
(from Atlas and Ulbriak^ 1977). 


5. DUAL PARAMETER MEASUREMENT TO 

ESTIMATE RAINFALL RATE 

We now turn our attention to methods 
whereby measurement of two variables can 
be used to deduce others. For example, 
measurement of the two remotely sensed 
variables, attenuation rate and reflec- 
tivity, can in principle be used to infer 
rainfall rate, liquid water content, or 
any other variable that is derived from 
a two parameter drops ize distribution. 
Atlas and Chmela (1957) were first to 
develop a rain parameter diagram which 
permits one to obtain the rain parameters 
R, M, D , and Z from any pair of the 
set. A°las and Ulbrich (1974) and 


Ulbrich and Atlas (197B) developed a more general and accurate rain parameter 
diagram which added microwave attenuation K and optical extinction rate z (m-1 ) 
to the other four parameters, thus permitting one to deduce all six parameters 
from measurement of any pair. The underlying principle is that measurement of any 
two variables can be used to completely specify a two parameter dropsize distri- 
bution. 


5.1 Rain Parameter Diagram 


Before we proceed, it is well to examine one of the rain parameter diagrams 
(Fig. 5). Although Fig. 5 is specialized for X = 3.22 cm and T = 10®C, it does 
illustrate the interrelationships between K, Z, R, and Dq for an assumed exponen- 
tial dropsize distribution. For example, a measurement of K * lO'^dB/km and 
Z=2xl02mm°/m^ gives a rainfall rate estimate slightly larger than 10 mm/hr and a 
Do slightly smaller than 1 mm. The heavy lines in the figure are approximate rain 
parameter curves: 

K = 8.61 X 10"^ z0.405 ^0.595 (12) 

where Z is in mm®m’^ and R in mm/hr units. The agreement is good in those regions 
(shaded) within which most measured dropsize distributions fall and at high 
rainfall rates. 

For accuracy we may_need to estimate K over long, pathsjnd thus we consider 
path averaged values T, K to estimate R. Because K, Z, and R are invariant with 
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respect to the placement of drops along 
the path (provided the number and sizes 
of drops remain tne same although placed 
ai.ywhere along the path and the range 
interval over which the average is taken 
is small compared to the range _to it), we 
might expect the path_averaged R could be 
retrieved_from Z and K. The use of path 
averages Z, K in a rain parameter diagram 
will not, in general, give R but at a 
wavelength of 0.88 cm this is true. 

Apart from the weighting given by 
the beam pattern function, the measured 
reflectivity factor Zg does not depend on 
how the scatterers are distributed across 
the beam. This is not so for measured 
attenuation rates which requires a 
measure of echo power change between two 
To* col inear resolution volumes, and this 
will depend on how drops are placed 
across the beam. For example, if scat- 
Figuve 5. Ths rain varametev diagram for Terers have nonuniform density across the 

beam and the more distant ones were 
behind a group of nearer ones, the mea- 
sured K would be different than if those 
same distant scatterers were displaced 
transversely to the beam to a position 
aside the clump of nearer ones. Thus, 
any dual parameter measurement method 
that uses measured K as one of the parameters will have an estimated R strongly 
dependent upon the distribution of dropsize density across the beam. Upon further 
study, it can be deduced that this is not so for methods such as the dual polariza- 
tion technique (see Sec. 3) for which the measured reflectivity and differential 
reflectivity do not depend as strongly upon the distribution of drop density. 
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exponential dropsize spectra (from 
Atlas and Ulbriah^ 1974). The shaded 
area contains the 69 Z, R relations 
of Battan (2973). The heavy solid 
lines are approximate rain parameter 
curves given by Eq. (12). 


5.2 Dual Wavelength Method 

Because of the practical limitations that direct attenuation measurements 
impose on areal coverage of rain, investigators have turned to dual wavelength M 
radars in an attempt to remotely measure K. The dual \ technique does not limit 
attenuation measurements to \ near 1 cm. Rather, it allows remote measurement of Z 
and K from which one can determine two parameters of the dropsize spectra. 

Alternately, we can measure effective reflectivity factor at two wavelengths 
in which one involves Rayleigh scatter whereas the other wavelength could be 
sufficiently short that substantial Mie scatter (i.e., D>X/16) occurs for the 
larger drops that comprise the scatter domain. From the differences in measured 
reflectivity factors, one can deduce dropsize parameters (Wexler and Atlas, 1963). 
Although we have several techniques that could be discussed, we shall confine our 
attention to one promising dual wavelength method, i.e., the independent measurement 
of Z and K. 
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For sake of illustration, we shall assume N(D) exponential to show how the 
parameters Ng and Dq can be determined from measurement of reflectivity factor Z 
and attenuation rate We will arrive at two simultaneous equations containing Nq 
and Dn along with measured samples of backscattered power at two wavelengths, one 
long and nonattenuating and the other (x^) short and attenuating. One equation 
represents the attenuation at Xj; the other the other the reflectivity factor at 
Xn. We select a nonattenuating wavelength (Xj^) in order to simplify the problem 
although two attenuating wavelengths can be used (Goldhirsh and Katz, 1974). 


The path averaged short wavelength attenuation rate k^ is, 

^s " ^ a^(D) dD (m‘b (13) 

For precision, (13) needs to be numerically evaluated because at(D) is not an 
analytic function. But, as we have discussed previously, it can be approximated by 
a power law in the range of drop diameters that contribute significantly to rainfall 
rate. Thus substituting (8) into (13) and integrating, we obtain 

kg = r(n+l) (14) 



Figure 6. Pcth integrated attenuqt^n 
rate reflectivity factor ratio KgZ 
and normalized reflectivity factor 
^/^o medium volume drop diameter. 
Rainfall rate scale is only for the 
M~P value of - 8x10^ m~^. 


2n-4 

where C = 10 C, and Dq is in meters. 
Likewise, the path averaged reflectivity 
factor is 

( 15 ) 

We thus have two equations and two unknowns. 
Let's divide (14) by (15) to eliminate Ng 


- 4.34 
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dB 
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(16) 


and thus D. (in meters) is determined 
directly from the ratio of Kj to Z. The 
4.34 factO£ in (16) arises because we have 
expressed K, in decibel (dB/km) units. 

The ratio (16) is plotted on Fig. 6 for 
two attenuating wavelengths ^5 ■ 5 and 
3 cm at T = 18®C using C and n values 
obtained from Fig. 3. 

We observe that K5/I changes by a 
factor of 5 over the range (2*-300 mm/hr) 
of significant path averaged rainfall rate 
IT. This is no_t a very large span consider-- 
ing errors in Z and Kj less than 1 dB are 
difficult to achieve and at this J.evel 
could cause significant error in R. 

For more detailed discussion on errors 
and requirements on the radar, see Gold- 
hirsh (1975). But, it is important to 
note here that we are focusing our atten- 
tion on path averaged values and these 
might be estimated with greater accuracy 
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than point (i.e., resolution volume) 
estimates of Z and K^. Still the radar 
needs to be well calibrated and the 
dual wavelength radar might well be 
supplemented with a small number of 
rain gages for purposes of calibration. 
However, if one considers the measure- 
ment of attenuation at two wavelengths, 
precise absolute calibration is not 
required, but relative powers need to 
be accurately measured. Then path 
averaged estimates can be used to 
considerable advantage. 

5.3 Dual Polarization 

This scheme, which also attempts 
to estimate two parameters of the 
dropsize distribution, uses information 
of echo intensity of two orthogonally 
polarized waves. Each transmitted 
pulse has alternate horizontal and 
vertical polarizations, and echoes 
received in the respective principal 
plane of polarization are processed. 
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Figure 7 . Variations of and nor- 
malized horizontal reflectivity 
10 log (Z^/Nq) with D^f^. is in 


8x10^ m~^ am~^ 


The basis for the dual polariza- 
tion scheme is the observation that 
drops are not spherical, but have an 
oblate spheroidal shape. In still air, 
without strong static electric fields, 
the drops fall with their minor axis 
vertical. Thus, for particles satisfy- 
ing the Rayleigh conditions for scatter, we expect larger power echoes for hori- 
zontally polarized waves. It can be shown that the ratio of reflectivities Z\i/I\j 
for horizontally and vertically polarized waves, is a direct measure of the 
parameter that specifies the steepness of the truncated exponential distribution. 


umts of m~^ cm~-‘- and Z'h'cnf/m". R 
and dBZ scale for N»8 
(from Al-Khatib, 1979) 


A simplified theory attributed to Gans (1912), and employed by Seliga and 
Bringi (1976) determines the reflectivity of oblate spheroids for incident waves 
of either horizontal or vertical polarization. Cans' work is essentially an 
extension of the Rayleigh theory for spheres applied to the case of oblate and 
prolate spheroids. 


Seliga and Bringi (1976) have evaluated the differential reflectivity factor 
Zqr = 1 10 log Z^/Zw for 0«3j(»10 mm and T*20®C. Their results are plotted on Fig. 
7 where, for comparison, tne more recent Zqr values are plotted using an exact 
theoretical formulation evaluated by Al-Khatib et al . (1979). We see that the 
simplified theory agrees well with the more exact (formulation. The large differ- 
ence for Oq^ greater than 2.5 mm is mostly caused by the difference in D^nax- 
When both limits are equal, there is relatively little difference in the entire 
indicated range of (Seliga and Bringi, 1978). 

Once we have Dot. determine Nq in order to completely specify the 

dropsize distribution. Nq can be determined from measurements of Zh or Zy. The 
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reflectivity factors Zy^y have been evaluated by Al-Khatib et al ♦ (op.cit) using 
the exact formulation tor scattering. We also plot Zh on fig. 7. Now both 
parameters of the dropsize distribution can be computed from Zy and Zqr measure- 
ments and henceforth rainfall rate. 

5.3.1 Sample Results 

We show here some sample results using the dual polarization technique. The 
results (Fig. 8) are for times when the radar elevation angle was low enough to 
insure that the radar beam was well below the freezing level so that scatterer^ 
are most likely raindrops. 

Figs. 8a, b are the measured values of Zy and Zqr along a radial through, what 
appears to be, several cells. Reflectivity factor extends up to 45 dBZ, and Zgp 
is always positive and lies within the expected range as predicted by the theoreti- 
cal values given in Fig. 7. These results iirimediately show that significant 
errors (i.e., > 1 dB) would be made if reflectivity factor values were deduced 
from the equivalent spherical diameters. For example, vertically polarized mea- 
surements of reflectivity in rain will tend to underestimate the equivalent spherical 
drop reflectivity. 

Figs. 8c, d show the value of Dq^ and Nq for the same data set. Of particular 
importance is the large variability of Nq measured with this technique. ‘The M-P 
value of Nq can be seen to be a poor approximation to the effective values of Nq 
computed from Zy and Zqr. Fig. 8e shows the rainfall rate computed from the Nq 
and Dq values. Even though Nq and Dq^ have highly irregular spatial dependence, 
the rainfall rate is quite systematic and suggests that only two cells produce 
significant rain. 

5.4 Rain Gage and Radar 

Technically, the simplest and most direct way to measure rainfall rate is to 
use rain gages--a catchment that measures the depth of water per unit time. 

Although tipping buckets and weighing gages are commonly used, they are subject to 
significant errors caused by wind (Neff, 1977). The most accurate gage is one 
that is flush to the surface (e.g., pit gage). However, even when rain gages are 
accurate, they only measure rainfall at a point. Because there may be large 
errors in the rain depth at any one gage representing the areal average, hydrolo- 
gists have resorted to a network of rain gages and radar to improve areal average 
rainfall estimates. 

Although radar accuracy of rainfall rate is highly suspect, it has the 
decided advantage of surveying remotely vast areas and making millions of measure- 
ments in minutes. The cost of a gage network to match these capabilities in 
spatial continuity and rates of data sent to a central location would be prohibi- 
tive. Therefore, meteorologists have combined radar and rain gage data to take 
advantage of the best of the two: (1) the accuracy of gage data and, (2) the 
spatial coverage of radar data. The improvement, using radar gage combinations, 
to estimate areal average rain, is discussed in Sec. 5. 4. 2. The combination adjusts 
radar rainfall estimates with gage samples sprinkled throughout the area surveyed 
by radar. 

5.4.1 Gage Accuracies for Areal Average Rainfall Depth 

Because there is no easy way to establish a true areal average of rainfall 
depth, rain gage network accuracy is determined relative to the most dense network 
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Figure 3. (a) Z{{, (b) ZoRt (c) 

(d) Nq, and (e) R vs range for eleva- 
tion angle l.ZP. (Data are from the 
Oklahoma experiment Spring 1977 and 
adapted from Al-Khatib et al. 1979). 
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that can be economically deployed at the time. Kuff (1970) used a 49 gage network 
in Illinois for the years 1955-1964, and these gages were deployed over a 100 km^ 
area. In 1971 and 1973, Woodley et al . (1975) deployed 220 gages over a 510 km2 
area in Florida. More recently, Hildebrand et al . (1979) analyzed gage accuracies 
for a network of 109 gages on a 1500 km^ area in Montana during the summer of 
1976. 


The sampling error E in mm of water represents the absolute difference 
between the best estimate of the true mean P of precipitation depth (mm) obtained 
from the maximum density of gages and the sample mean precipitation Pg calculated 
from the gage amounts for less dense network of gages. This is a measure of how 
accurately a network of gages estimates areal averages of rain depth. In his 
study of 10 years of rain gage data. Huff found the error E to be a function of 
mean precipitation P, mean area per gage or gage area Ag(km2), area of the network 
Ap(km2), and duration T (hr) of the storm. The regression equation 

log E = -0.51 + 0.68 log P + 0.94 log A^ - 0.01 log T - 0.75 log A^ (17) 

fits quite well the data for 1955-59, a period in which there was a relatively 
large percentage (33 percent) of air mass storms with considerable spatial vari- 
ability. The data for 1960-64 had 23 percent air mass showers and consequently 
show somewhat smaller error (Huff, 1970). Higher spatial variability suggests 
larger natural dispersion of rainfalls and hence a larger error for any given 
network. The regression equation (17) is plotted on Fig. 9 and shows that error 
increases with increasing mean precipitation depth although the percent error 
(E/P) X 100 is seen to decrease. As gage density increases. An decreases and 
error decreases. Also, plotted in this figure are data from Woodley et al . (1975) 
for Flordia in which the predominant rain was from air mass showers arv3 may 
explain why errc *s wtro larger than the Illinois data which were dominated by 
frontal storms, squall lines, and low center storms. 

Nevertheless, for those regions 
X where air mass thunderstorms may contri- 

/* \ bute appreciably to the rainfall. Fig. 

9 shows that in order to have an accuracy 
in areal average rainfall of 30 percent 
for precipitation greater than 10 trm, a 
gage area less than 142 km^ should be 
adequate. However, even this spacing 
may be too dense for an economical 
measurement of rain over large areas. 


Figure 9. Absolute difference of mean 
areal average rain depth computed for 
a thinned network of gages haifing indi- 
cated area per gage Ag and the depth 
computed for the fulV <k;nse network. 
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Also plotted on this figure are data from Montana as reported by Hildebrand 
et al ■ (1979). He combined several data sets to give a percent error independent 
of P, but we have arbitrarily plotted this percent error at a P=10 mm. The 
brackets next to the Montana data are the mean areas per gage. Based upon this 
Montana data, a gage area of 114 km^ gives an accuracy of 30 percent, a somewhat 
larger gage density (smaller Ag) than required in Florida or Illinois for the 
same accuracy. 


The data accuracy exhibited in Fig. 9 could serve as a guide for determining 
gage deployment in absence of radar. Hildebrand suggests that radar used in con- 
junction with gages as outlined in the next section only improves gage estimates 
when gage areas are larger than 300 km*. 


5.4.2 Radar. Rain Gage Combinations 


Before we can confidently accept radar estimates of rainfall, we should be 
aware of the phenomena that can cause variance from gage estimates. If only 
reflectivity factor measurements are available, one needs to choose an appropriate 
R, Z relation. As we saw in Fig. 8, parameters Nq and of an assumed expo- 
nential dropsize distribution vary considerably from point-to-point so one may 
also expect the R, Z relation to vary. On the other hand, for areal averages of 
rain, there is suggestive evidence that Nq and Dq^ may be appropriately chosen to 
produce an R, Z relation that, in the mean, predicts the average rainfall measured 
by a network of gages. 
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Fig. 10 shows comparison of gage 
radar estimate of water depth GER/RER(G/R) 
at 65 gage locations for a shower observed 
with the National Severe Storms Laboratory' 
WSR-57 radar located in Central Oklahoma. 
Although, for this day, the GER was 1.38 
times higher than the RER, the average 
ratio G/R for 14 rain events was 1.05 
when the M-P relation 200 R'*° was used 
(Brandes and Sirmans, 1976). Because 
daily radar calibrations can be in 
error, as well as different R, Z rela- 
tions might be appropriate for different 
locations being surveyed by the radar, 
it becomes mandatory to adjust radar 
rain estimates in accordance with the 
in situ gage measurements. But, as can 
be deduced by examining Fig. 10, if few 
rain gages were used, large errors could 
result! 
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Figure 10. Range distribution of G/R 
ratios using radar measurements 
(a) unaorreated and (b) corrected for 
atmospheric absorption, "ainfall atten~ 
uation, and biases due j reflectivity 
gradients. (Convective precipitation. 
Oat. 10-11, 1974). Relative dispersion 
is the standard deviation expressed 
as a percentage of the mean (from 
Brandes and Sirmans, 1976). 
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An objective of the gage-radar rainfall estimation technique is to combine 
sparse gage and radar rainfall data to produce a rainfall estimate with the point 
accuracy of the gages and the spatial resolution and coverage of the radar. The 
technique would work quite well if the radar measured the spatial variability of 
R, but in fact it only measures Z variability (compare Figures 8(a) and (e)). 
Secondly, the technique assumes that the gage measures an R that fills the resolu- 
tion volume at the individual gage location. The capability of the radar to 
measure R variations is not well verified but is reasonable only if dropsize 
distribution does not change appreciably from storm cell to storm cell or within 
the cell. However, if the radar measures Zq|^ and Z^ or Zy, it will map better 
the spatial variations in R. Then a few ram gages would be helpful in removing 
the pervasive bias due to radar calibration error. 

Even if the radar poorly measures the actual variation of rain rate, there 
may still he value in gage-radar combinations if the horizontal scales of N(D) 
are large compared to gage spacings. In the studies of Wilson (1970) and Brandes 
(1975), the gage-radar mean rainfall estimates were more accurate than the gage 
only estimates for large area (29,000 km^), low-gage density (_< 1 gage per 700 km*^), 
long duration rainfall cases. Brandes (1975) shows that radar measured rain 
corrected by gage data improved the accuracy from 24 percent for gage alone 
measurements to 14 percent for radar-gage combined measurements with gage density 
of 1 gage per 1600 km^. 

When gage spacings are large compared to the scales of N(D), then large 
errors can be made using radar and rain gage combinations if radar only measures 
the spatial variability of Z. However, if it also measures Zq^, then radar 
should measure better the spatial variability of R, and few gages would be required 
to remove bias errors. 

6. CONCLUSION 

Several techniques for rain rate measurement have been reviewed. It is 
concluded that after many years of technique development there is still no satis- 
factory proven method in use to accurately estimate rain rate when high spatial 
resolution is required. Dual parameter measurement techniques appear to offer 
the best possibility for rain rate estimation. 

If N(D) is controlled by coalesence and drop breakup and is in steady state, 
Srivastava's (1971) results show that N(D) is only a function of liquid water 
density. Hence, a one-parameter radar measurement, for example Z, would suffice 
to estimate R. If N(D) were not in steady state, this brings us to some interest- 
ing questions. Assuming that the initial cloud dropsize spectra are known, could 
one use time of measurement in the evolution of the rain cell as a second measure- 
ment parameter to estimate R or M from Z? If so, then the parameters time and Z 
are two parameters that could be used to deduce the spatial variability of R and M, 
and a few rain gages would only be required to remove any pervasive bias due to 
inaccurate radar calibration. Since the theoretical results of Srivastava (1971) 
suggest that the time to reach steady state depends upon the initial distribution, 
could rates of change of Z be useful to estimate N(D) in evolving rain cells? 

Observed cloud drops often appear in exponential distributions and evolve 
into the steady-state rain spectra shown on Fig. 1. Although these spectra are 
not exponential, they can be fitted by truncated exponential functions. With 
this view, we see that as rain spectra are evolving, they can continuously be 
fitted by an exponential function but, in contrast to a fixed Nq as in the M-P 
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distribution, Nq and Dot would both be variables that need to be measured. 

Hence, for low rain rates, a two parameter radar measurement should satisfactorily 
describe the dropsize distribution. But as steady state is approached at large 
R, it will be important to at least truncate the spectrum because large drops 
significantly contribute to R. We then can no longer describe N(D) by 2 parameters 
unless there is some deterministic relation between Dq. Nq, and at large R. 
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1. INTRODUCTION 

In the past, oceanic rainfall was extrapolated from land and island 
measurements. It was uncertain how representative the land measurements 
were in local and remote oceanic areas. There were even suggest -ons that 
orographic effects raised land measurements significantly higher than oceanic 
values. Now, however, several independent oceanic rainfall analyses are 
available. Although these analyses are based upon different techniques, they 
produce similar values. This agreement suggests that island and coastal 
measurements are suitable to calibrate satellite oceanic rainfall measurements. 


2. CLIMATIC RAINFALL ESTIMATES 

There are several independent oceanic rainfall analysis techniques that 
agree in details. Perhaps one of the best and most up-to-date land based 
measurement analyses is by Baumgardner and Reichel (1975). This modern work 
has the advantage of additional data from the expanded station network after 
World War II and satellite cloud patterns to guide analysis in romote areas 
with no observations. Because of the superior data base, this analysis is 
significantly better than earlier land based analyses still cited in literature, 
although some were produced in the I920's and 1930's. 

Studies based only upon low island and atol I s agree with land stations 
analysis. These include studies by Stoddart (1971) and Taylor (1973) • 

Experienced meteorologists feel that atolls are representat i ve of the open 
ocean rainfall. This instinct is confirmed by the plotting of lines of low 
island measurements when these islands cross large rainfall gradients in the 
tropical Pacific. Such plotting yields smooth curves. These curves confirm 
that low islands have an insignificant effect on the measured rainfall (See 
Figures 1 and 2, and Table 1). 

Satellite cloud analysis correlates well with land and island measured 
rainfall patterns, particularly in the lower latitudes. Examples of such 
cloud analysis may be found in Sadler, Oda, and Kilonsky (1976). Ki’onsky and 
Ramage (1976) took advantage of the strong relationship between tro^ c. 1 clouds 
and rainfall by using atoll measurements to calibrate satellite cloud analysis 
and calculate Pacific tropical ocean rainfall. 

Open ocean rainfall intensity has been estimated from satellite radar micro- 
wave measurements (Rao, aj_» 1977). If it is assumed that these intensities 
are related to the total rainfall, then this analysis correlates with the 
others. Unfortunately these radar measurements were coarsely averaged over 
intensity and over 10° by 10° of latitude and longitude. Still, some limited 
confidence of the radar analysis may be gained since large areas are conelated 
into patterns. 
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Ships of opportunity present weather observat ioivj have been used to 
estimate rainfall. Dorman and Bourke (1979, 1981) and Dorman (1981c) have 
constructed est imates for the open ocean based upon temperature corrected 
Tucker estimates. A composite may be seen in Figure 3. 

Reed and Elliott's (1979) recent analysis disagrees with the above 
analyses in pattern and amounts. This analysis usef the uncorrected Tucker 
estimates to regress present weather observation to one frequency of rain 
value. The fact that single frequency of precipitation is not well correlated 
with peak rainfall at islands (Lavoie, 1963) is a significant problem for 
the technique. Reed and Elliott's analysis increasingly underestimates even 
low atoll measurements, exceeding a factor of two or three in the Pacific 
Inter-Tropical Convergence Zone (Sec Figures 1 and 2, Table I). Reed and 
Elliott's rainfall patterns conflict with the corrected Tucker ship based 
patterns (Dorman and Bourke, 1979, 1981), satellite cloud patterns (Sadler, 

Oba, Kilonsky, 1976), and satellite radar measurements. These and other 
criticisms are discussed in Dorman (1980, 1981a, 1981b). 


3. GENERAL CLIMATOLOGY 

We can use instead the data from the collection of studies which are in 
agreement to define the general climatology of oceanic rainfall. Figure 3 
shows an annual map composited from Dorman and Bourke (1979, I98l) and 
Dorman (1981c). This could be used for general testing of satellite estimates. 

It’is important to recognize that suitable averaging scales for the 
oceanic rainfall vary considerably. The Pacific has a significantly longer 
east-west scale than the Atlantic or the Indign and is more amenable to coarser 
averaging. However, the maximum scales are 2° of latitude by 5 of longitude 
for the open ocean in general. But a 1° of latitude by 5 of longitude would 
be the maximum for the tropical Atlantic and Indian Oceans with their shorter 
scales. Resolving complicated coastal rainfall requires averaging areas 

certainly no more than one degree square. In higher rainfall coastal areas, 
as on the east side of Central America, even this is too coarse. Averaging 
over scales larger than those mentioned here will mask significant variations 
and significantly degrade the usefulness of any product. 


k. LOCAL VARIATIONS 

It would be useful to see if future satellite estimates can successfully 
replicate shorter term variations in rainfall. Coastal and island stations 
could be used to compute time series of the deviation from the mean to be 
compared to a time series of the satellite estimate for that local area. For 
such an investigation, the local area should be restricted to a physically 
sensible region. Such an investigation would be feasible since most oceanic 
climatic areas have reporting meterorolog ical stations from which the data is 
readi ly avai lable. 
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For variations, a month is perhaps optimal for the basic averaging in 
time. In length, a time series of the order five years is appropriate for the 
mid-latitudes. However, for areas of high variability and low rainfall, 
such as the subtropics, a time series of 10 years would be more appropriate. 
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Table I. Island Stations plotted 
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JOHNSTON - PUKA PUKA 


NO. 

STATION 

LATITUDE 

LONGITUDE 

MEASURED 

(mm) 

1 

Johnston 

16°44n 

169"31W 

710 

2 

Palmyra 

5°52N 

I62°06W 

4162 

3 

Wash i ny ton 

4°43N 

160^'25W 

2903 


Fann i ng 

3°55N 

I59^23W 

2086 

5 

Christmas 

1°59N 

157'22W 

766 

6 

Ha 1 den 

4°01 S 

155°01W 

689 

7 

Penrii/n 

9°01S 

158^03u 

i393 

8 

Puka Puka 

10®53S 

165®49W 

2853 



MIDWAY - 

KAPINGAMARANGI 


36 

M i dwa y 

28®13N 

177°22W 

1100 

9 

Wake 

19®17N 

166°39£ 

965 

37 

En iwetok 

1 l°21N 

162''21E 

1470 

oo 

Ujelang 

9°42N 

161°02E 

1980 

39 

Mok i 1 

6°41N 

159°47E 

3056 

kO 

Kap i ngama rang i 

1®05N 

154°48£ 

2808 
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Figure 1. Annual rainfall measured at the Line Islands in the central equatonal Pacific. 
The smoothness of the fit suggests that small island measurements arc representative of 
open ocean rainfall. Reed and Elliott's rainfall estimate is also plotted for companson. 
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PRECIPITATION MEASUREMENTS FOR EARTH^SPACE COMMUNICATIONS: 
ACCURACY REQUIREMENTS AND GROUND-TRUTH TECHNIQUES 

L. J. Ippollto, NASA Headquarters 
R. Kaul, ORI, Inc. 


I. INTRODUCTION 

The Role qF Rain on Communication Links 

Conminlcatlons systems operating at frequen- 
cies In excess of 10 GHz are degraded significant- 
ly by rainfall. To provide the Information needed 
for design of these millimeter wave systems 
(defined in this paper as lu to 100 GHz) NASA has 
been developing rain attentuatlon models and 
accumulating data bases of propagation related 
Infonnatlon. These data bases have* for the 
most part, been developed based on the signal 
level measurements of geostationary satellite 
beacons at selected frequencies (Kaul, et al, 
1977). Recently, ground-based radar reflection 
measurements have been shown to be able to develop 
data bases for system design (Goldhirsh, 1978). 

The rain attenuation models have now allowed 
accurate correlation between the rain rate and the 
attenuation. 

Generally, the system designer Is concerned 
with the annual cumulative attenuation statistics 
to be expected along the selected path. The path 
may be part of either a terrestrial or earth- 
space system. This paper will emphasize earth- 
space systems, but similar considerations apply 
to terrestrial systems. These cumulative rain 
attenuation statistics Identify, for a given 
system rain margin, what percentage of the average 
year the system will operate to a specified per- 
formance level. In addition. In some Instances, 
worst ironth system performance requirements and/ 
or the maximum outage time are also specified for 
the system designer. The designer Is then con- 
fronted with utilizing the most stringent 
requirement to select the system margin. In the 
case of earth-space systems, system margin on 
the downlink can be quite expensive. This arises 
because the prime power for powering the satel- 
llte-bome transmitter Is quite expensive and the 
design of large space-qualified antennas Is also 
quite expensive. 

large Scale Rain Models 

The Rice-Holmberg Model (Rice aiid Holmberg- 
1973) Is based upon two rainfall types: convec- 
tive (thunderstorm) rains and stratiform (unl- 
form)«ra1ns. Tly sutlstical model Is based 
upon the sums of Individual exponential terms for 
each mode of rainfall. An Independent parameter, 
6, Is utilized to seu^t the amount of total 
annual rainfall, M, associated with each mode. 

In their original paper tn^y provide plots of 6 
and M throughout the world ^ased on meteorological 
data. In general It is anticipated that m11l1- 


mrter wave communication systems will be designed 
to operate during most stratiform rainfall 
periods, but not during heavy convective rainfall 
periods. 

Recently, a Global Model (Crane - 1980) has 
been developed based on meteorological observa- 
tions. Eight median point rainrate cumulative 
distributions have been developed to def':r1be the 
world's rainfall characteristics. In Europe and 
the U.S. where more data Is available, these 
regions have [^n expanded Into higher resolu- 
tion regions. These distributions cover the range 
from 2t (175 hours/year) to O.OOlt (5.3 minutes/ 
year). Typically, domestic communication systems 
operate at 99.5 to 99.99X availability on a path, 
so the attenuations associated with the range 
0.01 to 0.5X of the year are of most Interest to 
designers. 

Specific Attenuation and Effective Path Length 

Given the rain rate distribution models or 
measurements, the designer must develop the esti- 
mate of the total attenuation distrubutlon for 
his specific system configuration. Alternatively, 
he can make direct attenuation measurements of 
satelllte-bome beacon or radiometric measure- 
ments of sky temperature. Generally these direct 
measurements are not available so the designer 
develops the attenuation statistics from the rain 
statistics. 

The attenuation associated with a microwave 
signal passing through a specified volume of rain 
has been estimated using Mie scattering theory 
(Olsen, et at - 1978) for various drop size 
distributions. These calculations, along with 
experimental measurements (Ryde and Ryde • 1945), 
have resulted In the empirical relation. 

(X • dB/km 

Where a Is the specific attenuation, R Is the 
rain rate In mm/hr and a and b are frequency 
(and to some degree rain rate) dependent para- 
meters (Olsen, et al - 1978). 

The effective path length L. has been devel- 
oped to extend the attenuation associated with one 
kilometer of rain to the total attenuation along 
the earth-space path. It assumes that the rain 
rate R is uniform over the hypothetical path 
length Le. Of course, uniform rain Is not the 
case, but to a first approximation the total 
attenuation A Is 

A ■ aR^L^ dB. 
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Tor fre<juenc1es up tp 30 liHz L appears to be rela- 
tively Independent of frequency. 

Total Attenuation Implies Rain Rate 

Based on the above relations it Is clear that 
an empirical statistical relation exists between 
the total attenuation and the rain rate measured 
at a point on the surface of the earth. By In- 
verting this relation 
1 



and considering the attenuation measurements made 
to date It 1$ possible to provide ground truth 
measurements of the rain rate being observed by a 
space-borne meteorological monitoring system (see 
Section III). In addition, this relation can be 
utilized to estimate the accuracy required of the 
rain rate measurements to provide meangingful 
design information for system builders (sec 
Section II). 

Attenuation and Precipitation Measurements 

Extensive experimental research has been performed 
by direct measurement of rain effects on earth- 
space paths beginning In the late I960‘s with the 
avalla^-lllty of orbiting propagation beacons on 
geostationary satellites (Kaul et. al. -1977, 1980 
and Ippollto -1981). The satellites include ATS- 
5, ATS-6, CTS, the three COMSTAR satellites, ETS- 
II, CS, BSE, SIRIO and OTS. Table I lists the 
launch date, orbit location and frequencies for 
each of the satellites. 


TABLE I 

SATELLITES UTILPEO FOR PROPAGATION 
STUDIES ON EARTH-SPACE PATHS 



Table II sutnnarizet the results of 11 GHz measure^ 
ments observed In the United States, Europe and 
Japan utilizing the CTS, SIRIO, BSE and ETS-II 
satelllne beacons at 11.7, 11.6, 11.7, and 11.5 
GHz respectively. The U.S. slant paths tend to 
exhibit more severe attenuation than the European 
slant paths for a given percent time. This Is to 
be expected sinre the rain conditions are more 
severe In the U.S. regions, particularly fur 
thunderstorm occurence periods, which account for 
most of the attenuation observed for less than 


TABLE II 


SUMMARY OF 11 OHz ANNUAL 
ATTENUATION MEASUREMENTS 



I Mr* 


about 0.05 percent of the time. The Japanese 
data tends to fall between the U.S. and European 
results. The mean attenuation for 0.01 percent of 
the time (53 minutes per year) Is 11.2 dB for the 
U.S. paths, 4 dB for the Euopean paths, and 5.8 
dB for Japan. Some variability between locations 
Is to be expected because of the different ob- 
servation periods and elevation angles, however, 
the data does exhibit a fairly consisten trend 
and gives a good Indication of expectations for an 
operational conmunl cat Ions link. 

The five U.S. locations have acquired nearly 15 
station-years of 11.7 GHz satellite attenuation 
data and the long term attenuation distributions 
are shown Figure 1 (Ippollto, 1981). The multi- 
year distributions demonstrate the 'dual mode' 
characteristic of rain Induced attenuation, where 
the low attenuation values, below about 5 dB In 
amplitude, are caused by stratiform rainfall and 
the higher attenuation 'tails' of the distribu- 
tion are produced by the more severe convective 
rain usually associate with thunderstorm activity. 
The resulting rain margins for the four U.S. 
stations which have elevation angles near 30° are 
2.5 > IdB. 11.2 + 2.2dB, and 14.5 dB + 3 dB for 
link reliabilities of 99.9, 99.99, and 99.995 per- 
cent respectively. 

A large data base of rain attenuation measurements 
In the 20/30 GHz bands also Is avallaole In the 
U.S., beginning with measurements In 1974 utili- 
zing the ATS-6 satellite, fables III and IV 
present listings of attenuation statistics at 
20 and 30 GHz respectively, for several slant 
paths with elevation angles ranging from 18.5 to 
54.4 degrees. The attenuation Is, as expected, 
more severe with Increasing frequency, reaching 
very high levels at 30 GHz for percent times less 
than 0.05. The mean attenuations for 0.5 percent 
of the time are 2.7 dB and 5.7 dB for 20 and 30 
GHz, and for 0.1 percent of the time are 8.7 dB 
and 15.8 dB. 

A large portion of the slant-path locations listed 
above have also acquired rain rate distributions 
coincident with the attenuation distributions. 
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FIGURE 1. MULTI-YEAR 11.7 GHz ATTENUATION 
DISTRIBUTIONS MEASURED IN the UNITED STATES 


TABLE III 

SUMMARY OF 20 GHz ANNUAL 
AHENUATION MEASUREMENTS 



mmwmmkmow iicuMO 


Figurt 2.prtstnts three measured rain rate dis- 
tributions for Greenbelti Maryland observed 
during CTS observations for a three year period. 
(The solid and dashed prediction curves on the 
figure will be discussed In a later section.) 


Similar results are observed for most of the U.S. 
locations where the rain rate data have been 
processed and analyzed. The measurements are 
obtained from tipping bucket rain gauges* and 
annual distributions are developed for comparison 
with the measured attenuation distributions. The 
next section discusses accuracy requirements for 
measurements of this type. 


TABLE IV 

SUMMARY OF 30 GHz ANNUAL 
ATTENUATION MEASUREMENTS 




FIGURE 2. RAIN RATE DISTRIBUTIONS - 
GREEN8ELT, MARYLAND 


I 

r 
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II. ACCURACY REQUIREMENTS FOR PRECIPITATION 
MEASUREMENTS 

Designers of future connunlcatlon systems operat- 
ing above 10 GHz will desire knowledge about the 
long term statistics of rain rates at a location. 
Based on the effective path length model, or 
other models, these statistics can be extended to 
attenuation statistics. However, It Is reason- 
able to ask what accuracy of rain rate Informa- 
tion the designer seeks. This accuracy In turn 
establishes the accuracy required of a space- 
borne measurement system* As a first estimate 
of the accuracy required, the following system 
design will be described. 

Availability Analysis Approach - Commercial 

Most domestic satellite systems operating In the 
frequency range from 10 to 30 GHz will seek 99. 5X 
system availability (on two links). Therefore 
each earth-space path will require about 99. 8X 
availability. This level of availability corres- 
ponds to approximately 18 hours or 3/4 day of 
cumulative outage each year. Based on the eco- 
nomic considerations of loss of tariff for periods 
of time exceeding 18 hours. It seems logical that 
an upper bound of 24 hours would be acceptable. 



FIGURE 3. CUMULATIVE DISTRIBUTION OF RAIN RATE 
FOR UNIFORM AND ALL RAIN EVENTS 


The corresponding availability Is approximately 
99.7% of a year per link. Using the cumulative 
rain rate distribution model developed by Rlce- 
Holmberg (1973) applied to Washington, D.C. (see 
Figure 3), It appears that measurement accuracies 
approaching 3 ran/hr at an average rain rate of 
10 nm/hr are required over a long period to 
develop the statistical accuracy required. 

Note that the attenuation associated with this 
10 mm/hr rain rate can be significant. Using 
the Crane model for a 40-degree elevation angle, 
the rain attenuation at 30 GHz Is about 15 dB. 
Celarly this Is a significant amount of system 
power gain required to assure system operation at 
the 99. 5X level. In addition, a small change In 
the rain rate makes a significant change In the 
gain required for system operation. 

Availability Analysis Approach - Military 

For many military applications, the desired two- 
link availability Is significantly lower than for 
domestic commercial users. Typical values are 
9S% overall o«* about 97X for each link. If one 
requires only this value of availability, then for 
Washington, D.C. (Figure 3) a measurement of the 
presence or lack of rain Is required. This 
.measurement 1. nuch less critical than the conner- 
clal case and probably could be accomplished with 
a space-borne radiometric monitoring system. 

Maximum Outage Time Design 

An alternative approach to millimeter wave system 
link availability systhesis Is to design the 
system to not fall more than a given number of 
contiguous m1nu::es In the average year. Using 
the Weather Services (U.S. Dept, of Commerce - 
1955) rain rate-duration -frequency charts, the 
rain rate associated with this rain event can be 
estimated. For Washington, D.C. If an outage 
length exceeding 30-m1nutes per year is not 
acceptable, the system should be capable of 
operating through a 60 im/h rain rate. For a 30 
GHz signal at 40-degrees elevation angle, 70 dB of 
attenuation 1$ encountered. 

If this 30-m1nute period Is to be accurate In the 
average year within ^ 5 minutes, the rain rates 
must be measured to £ 5 im/h during a rain event 
of 60 nm/h. If the accuracy Is only HQ minutes, 
the error bounds on the rain rate are about ^10 
m/hr. Note that for only 1-3/4 hours per year 
does the rain rate In Washington, D.C. exceed 
60 irm/h. 

To obtain data of the type required for this 
system design approach nearly continuous space- 
borne observations will be required. At a min- 
imum two observations would be made in each 5- 
mlnute period to be able to resolve the duration 
of a rain event to the resolution needed for 
this system design approach. 
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Diversity System Design Approach 

Currently many proposed millimeter wave systems 
are considering utilizing site diversity ground 
stations in order to raise the availability of 
a cownunication system for a given level of 
system rain margin. A site diversity communica- 
tion system utilizes two or more ground stations 
to simultaneously observe the same satellite 
from different geographic location. The loca- 
tions are selected so the probability of an 
Intense rain cell(s) simultaneously attenuating 
two or more links is low. This system design 
results in more system availability and/or the 
requirement for less system signal margin. How- 
ever, for these systems to be effective they 
must operate in the region of the cumulative 
statistic curves where the spatial ly-dependent 
convective storms are prevalent. Referring to 
Figure 3, this means for periods of times less 
than 0.3% (about 24 hours) per year of total 
system down time. This time value is highly 
dependent on geographic location, being signifi- 
cantly higher where the ratio of thunderstorm 
rain to total rainfall is high (Kaul - 1980). 

If a diversity system is desired to increase the 
availability by a factor of 10 (2.4 hours of 
down time per year) It must be able to operate 
at rain rates near 48 m/h (see Figure 3). If 
the accuracy of the factor is to be 10 +2, then 
the rain rates must be known to mm/h. Based 
on the results presented elsewhere (Kaul - 1980) 
at 30 HGz and 40 degree elevation angle, the 
maximum possible diversity gain available is 
about 25 dB. Since the attenuation on the worst 
link will be about 60 dB. a minimum rain margin 
of over 35 dB is required in each link assuming 
the ground stations are sufficiently separated 
to give optimum diversity gain. 

In sunmary, the precipitation accuracy require- 
ments required for communication system design is 
highly dependent on the system requirements. 

The broad range of possible accuracy requirements 
is sunmarlzed in Table V, 


TABLE V 

TYPICAL RAIN RATE ACCURACIES REQUIRED FOR 
COMMUNICATION SYSTEM DESIGN 


Type of System 

Rain Rate* 

Commercial Systems 

10 ♦ 3 rnn/h 

Military Systems 

presence of rain 

Outage Time (30 ♦ 5 min) 

60 + 5 inn/h 

Diversity System (I • 10 ♦ 2) 

48 + 6 m/h 

•Rain rates measured at surface 



III. SATELLITE BEACONS FOR GROUND TRUTH 
PRECIPITATION MEASUREMENTS 

The evaluation of rain attenuation for satellite 
link system design requires a detailed knowledge 
of the attenuation for each ground terminal 
location at the specific frequency of interest. 
Direct long-term measurements of path attenuation 
for all potential ground terminal locations In an 
oeprational domestic satellite network are not 
feasible. Over the past several years extensive 
efforts have been undertaken to develop reliable 
techniques for the prediction of path rain 
attenuation for a given location and frequency, 
and the recent availability of satellite beacon 
measurements has provided for the first time a 
data base for validation and refinement of the 
prediction models. 

Attenuation Prediction Models 


Virtually all the prediction techniques proposed 
use surface-measured rain rate as the statistical 
variable and assume the aR° relationship described 
earlier to determine rain-induced attenuation. 

In general, the prediction models can be expressed 
in the form 

A . aR^L(R) dB 

where R is the rain rate, a and b are the 
frequency -dependent constants and L(R) is an 
"effective’* path length parameter, usually a 
specified function of R. The path length para- 
meter L(R) Is the coupling function that develops 
an attenuation distribution from a specified rain 
rate distribution, through the above equation. 

The major difference between the various rain 
attenuation prediction methods available is In 
the rationale used to develop the path length 
parameter L(R). 

An empirical method for estimating rain-induced 
outage probabilities on radio-wave paths was 
developed by Lin (1977, 1979). The Lin method 
Is based on a 5-min point rain rate rather than 
the 1 min or less rain gage integration times of 
other prediction techniques. Two arguments are 
presented to justify the use of the 5-min 
averaging time. First, the available long- 
term rain rate data published by the National 
Climate Center have minimum integration times of 
5 min, and attempts to estimate shorter times 
from the original strip chart data produce signif- 
icant uncertainty. Second, the 5-m1n averaging 
time effectively develops a path average rain 
rate distribution from a point rain rate distri- 
bution; I.e., the spatial average of the rain 
rate along the radio-wave path can be represented 
by a 5-min average of the rain rate at a single 
point on the path. 

The effective path length from the Lin method is 


L(R5) 


2636 

.T', ?63? sInT 

'^5 • * TT^— 
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where R 5 is the 5 minute point rain rate, 9 is the 
slant-path elevation angle, and G is the ground 
terminal elevation above sea level. 

Figure 4 presents a comparison of the attenuation 
orediction model as calculated by Lin with 
measured attenuation statistics for four locations 
in the eastern United States at frequencies from 
11.7 to 28.56 GHz. The prediction curves are 
seen to give very good agreement with the 
measured data throughout the range of comparison. 


R" • o(0) 

where 0 is the horizontal path length and o and 6 
are determined from a best-fit analysis of the 
terrestrial path data. Relative path profile 
curves for rain rate as a function of D were 
determined by numerically differentiating y and 6 , 
then represented by two exponential functions, 
over the range of 0 from 0 to C2.5 km. The effec- 
tive path length for the Crane model is: 


A rain attenuation prediction model recently 
developed by R. K. Crane provides, for the first 
time, a completely self-contained prediction 
procedure that is applicable on a global basis 
(Crane-1980). The global model is based upon the 
use of geophysical data to determine the surface 
point rain rate, point-to-path variations in rain 
rate, and the height dependency of attenuation 
given the surface point rain rate or the percent- 
age of the year the attenuation value is ex- 
ceeded. The mode! also provides estimates of the 
expected year-to-year and station-to-station 
variations of the attenuation prediction for a 
given percent of the year. 

Surface point rain rate data for the United States 
and global sources were used to produce 10 rain 
rate climate regions for the land and water sur- 
Tdce areas on Earth. The boundaries for each 
climate region were adjusted for expected varia- 
tions in terrain, storm type, storm motion, and 
atmosphere circulation. The continental United 
States climate region (region 0) was further 
subdivided into regions O 1 , D 2 * and D 3 because 
of the extensive amount of surface rain data 
available and the wide variations observed 
throughout the region. 


L(Rp) 
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where d, U, X, and Y are empirical constants that 
depend on R^. 

Upper and lower bounds on the annual attenuation 
distribution prediction were developed by combin- 
ing the statistical variances of each step in the 
model development. Figure 5 presents the global 
model mean prediction and bounds for several lo- 
cations and frequencies, compared with measured 
attenuation distributions at those locations. All 
of the predictions show excellent correlation 
with the measured data, except for the Blacksburg, 
Va., distributions at 28.56 GHz. The global model 
develops a prediction curve down to 0.001 percent 
and tends to reproduce the tails of the curve 
consistently well. The sharp dropoffs in the 
measured data from Austin, Tex. are most likely 
caused by the noise characteristics of the re- 
ceiver systems as the rain attenuation drives the 
receiver signal level down to its threshold. 


The Crane model relates the surface point rain 
rate Rn to a path-averaged rain rate IT through an 
effective path average factor determined empiri- 
cally from terrestrial measurements of rain rate 
at path lengths up to 22.5 km. The resulting re- 
lationship was modeled by a power law expression: 


The global model has yet to be extensively vali- 
dated by direct measurements from other regions 
of the world such as Europe or Asia; however, the 
results from over a dozen U.S. locations at fre- 
quencies from 11 to 30 GHz have shown very good 
results to date. 





FIGURE 4. COMPARISON OF LIN MODEL WITH MEASURED DATA 
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Gr ound Truth Measurements 

The availability of satellite beacons on geosta- 
tionary communications satellites and the recent 
success in the development rain rate provides an 
interesting opportunity to measure precipitation 
quantities from slant-path attenuation measure- 
ments. That is, if the processes described in 
the previous section are reversed, then rain rate 
distributions should be derivable from attenuation 
measurements on a slant path. 

Single Frequency Beacon Method 

Consider a single beacon at frequency f\, re- 
ceived at the surface at an elevation angle e. 

The measured attenuation can then be modeled as 

A • (1) 

translating this result to the vertical direction 
(0 • 90‘). 

A, - (2) 


The prediction error, or uncertainty, of the path 
average rain rate caused by the measurement un- 
certainty of the attenuation can be determined 
by assuming typical values for a. b, H and 0. 
Table VI shows the expected v error for a given 
value of path average rain rate, Ry, for an 
assumed Marshall -Palmer rain distribution at 
20®C, H « 4 km, and 0 * 30 degrees. The attenua- 
tion measurement error is set at + 1 dB, which is 
a realistic number based on operating beacon re- 
ceiver systems. Values are given for three fre- 
quencies, 11.7, 20 and 30 GHs, The errors are 
seen to be quite large for low rain rates, but 
become acceptable at rates above about 20 niti/h at 
11.7 GHs, and about 5 mm/h at 30 GHz. The upper 
bound of the measurement is determined by the 
dynamic range of tlte receiver system, but typic- 
ally a 30 dB margin is a reasonable value. 

Dual Frequency Beacon Method 

The path length dependence of Ry can be elimi- 
nated by employing dual frequency beacons in 
place of the single frequency system described 


where H is the vertical storm height predicted 
from the effective path length L^. Since 

■ sin 0 A (3) 

the predicted path average rain rate in the 
vertical direction, Ry, is given by solving for 
Ry in eq. (2) and using Eq's, (1) and (3), i.e. 


r * 1 

. r*<"e at 

[•lJ 

rnr-J 


Therefore, the rain rate can be predicted as long 
as Le (or H) is available. These can be found 
from one of the prediction models described 
above, such as the KRs) of Lin or the L(Rp) of 
Crane. 


TABLE VI 

SINGLE FREQUENCY BEACON METHOD 
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FIGURE 5. COMPARISON OF CRANE MODEL WITH MEASURED DATA 
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above. Consider a dual frequency beacon trans- 
mission, at frequencies f\ and fz (fj > fi)* 
received at the surface at an elevation angle 9. 
Tho measured attenuations are then 


at • 32 R 

at fj: Aj . 3j r‘’i 

Taking the ratio and solving for Ry, as before 


R 


V 


I 


For Lei * not strictly true, but Is 
a reasonable first order approximation for f 2 and 
fl close to each ether: 


R 


V 


*1 ^ 1 


The path average rain rate Is seen to be a func- 
tion of the attenuation ratio only, with the fre- 
quency dependent constants ai, a 2 , b^ and b 2 * 


The prediction error of the dual frequency beacon 
method Is much greater than the single frequency 
method, as shown by Table VII. The uncertainty 
in path average rain rate, fT, Is unacceptably 
large for the i I dB attenuation measurement 
error, and is Ttill excessive even when a ^ .5 dB 
error Is assumed. The problem occurs because 
the ratio of two attenuations Is required, and 
the worst case additive error can be quite high, 
particularly for low path rain rates. 


TABLE VII 

DUAL FREQUENCY BEACON METHOD 
ASSimiON; NARSHALL-PAUCR DISTRIBUTION AT 2(fK 


end by a 25% maximum error, and at the upper end 
by a 30 dB system rain fade margin. The range is 
frequency dependent, with 11.7 GHz covering a 
higher range, up to 82 mm/h, and 30 GHz covering 
down to 6 mn/h. A frequency can be selected to 
meet the range of coverage desired, or multiple 
frequencies can be selected to cover the complete 
range of expected rain rates. The upper limit 
can be extended somewhat, however, measurements 
for rain rates above 100 mm/h would be quite 
difficult to achieve with present and projected 
near term technology. 

The dual frequency method, employing 30/20 GHz 
beacons. Is seen to produce unacceptably high 
errors at all rain rate values, and does not 
appear as an attractive alternative. 


TABLE VIII 
SUMMARY 

SATELLITE BEACONS FOR GROUND TRUTH 
PRECIPITATION MEASUREMENTS 


SIH6LE FREOUEHCY METHOD 
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Ground Truth MMsurwxnts Supinarv 

Tablo VIII prtsents a sunnary of ground truth 
prKtpItatlon twasurantnts from satellite beacons, 
for both the single and dual frequency methods 
discussed above. The measuranMnt range for the 
single frequency system, Is defined at the lower 


IV. LONG-TERM STATISTICS OVER LARGE AREAS 

A space-borne precipitation monitoring system 
has decided advantages over ground-based 
systems. The primary advantages are the ability 
to make measurements over a long period without 
the need to manually collect the data and to 
uniformly observe large areas. The measurements 
required are the surface point rain rate over 
a spatial dimension smaller than the dimension 
of convective cells (less then several kilo- 
meters In the eastern U.S.). 


tong-ierm statistics 

The year-to-year variability of the rain rate 
*^A^^xt1cs Is significant enough to Introduce 
significant error In rain rate dau bases made 
over a period of less than 10 years. For 
example, hurricane Belle significantly shifted 
the annual statistic during the period June 1976 
to May 1977 In New Jersey (Cox, et al - 1979). 
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Based on rr^easurements both by the weather service 
and researchers sponsored by NASA, it is be- 
lieved that at least a 10-year data base is 
required to develop median annual statistics of 
sufficient accuracy to be meaningful in conwuni- 
cation system link calculations. Of course, if 
worst month or longest outage statistics are 
needed, the data base must be able to generate 
these for use by the system designer. 

World-Wide Statistics 

To date the models developed for estimating com- 
munication system link attenuations have been 
quite coarse in being able to discriminate be- 
tween the rain rates in various regions. The 
climate region 0 of the Global model (Crane - 
1980) is separated by a ratio of 3.5 at C.Ol per- 
cent of the year from climate regions C and E. 

At 12 GHz this results in a variation in attenua- 
tion of 4.3 dB, with a higher variation at 
higher frequencies. Because of this wide varia- 
tion and the availability of ground-based rain 
rate data, the climate region 0 has been resolved 
into 3 regions In the U.S. In most areas of the 
world, this is not possible because of the lack 
of data. 

Orographic Effects 

The ability of a space-borne precipitation moni- 
toring system capable of resolving convective 
rain cells would be of significant value to link 
designers planning site diversity systems. 
Measurements made in Florida (Block, et. al. - 
1978) and in Germany (Rucker - I960) have shown 
a wide variation between the cumulative attenua- 
tion statistics observed at different sites and 
in different azimuthal directions, respectively. 
If it is true that the rain rate distribution 
varies significantly with geographic location 
while the total amount of precipitation is 
uniform, then the sites with the most low rain 
rate precipitation zrt more desirable. In the 
case of Tampa, Florida the presence of the 
city's heat and the cool Tampa Bay made some 
sites much more desirable than others. In the 
case In Germany, the link on the east side of the 
Rhine Valley showed less attenuation. 

A spaceborne monitor could map these desirable 
locations, and if sites vhich had low rain rates 
could be found, it might eliminate the need for 
an additional ground station. The savings 
associated with one less ground station in most 
high-availability systems would be very sub- 
stantial . 

V. SU^tlARY 

This paper has identified typical rain rate 
measurement accuracies required for cownunlcatlon 
system design. In addition, the accuracies 
attainable from satellite beacon measurements 
have been estimated and a sample of the experi- 
mental data has been presented. 
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A LIFE HISTORY METHOD FOR ESTIMATING CONVECTIVE RAINFALL 


David W. Martin 

Spaca Science and Engineering Center 
Madlaon* Wisconsin 


1 . INTRODUCTION 

Rainfall was regarded fron the 
very beginning as one of Che aore Inportanc 
observations Co be made for Che Globel Acmo- 
spheric Research Program Atlantic Tropical 
Experiment:— but one of the mosc difficult coo, 
for the measurements of this most variable 
parameter had to be made continuously, across 
large areas and over the sea. Ships could not 
provide the needed resolution nor could avail- 
able radars provide Che needed breadth of 
coverage. Microwave observations from the 
Nimbus-5 satellite offered some hope. Another 
possibility was suggested by the results of 
many comparisons between rainfall and Che 
clouds seen in satellite pictures. Of partic- 
ular interest were those comparisons made by 
Sikdar (1972) and by Woodley and Sancho (1971), 
who employed sequences of pictures from the 
first geostationary satellites. Both found a 
general correspondence between rain and the 
convective clouds visible in sscellite pictures. 
Woodley and Sancho demonstrated in addition that 
the agreement was best for growing clouds. This 
began a collaboration between chc University of 
Wisconsin and Che Environmental Research 
Laboratory to develop methods to infer GATE 
rainfall from geostationary satellite images. 

The present paper suimsarizes Che method which 
evolved at Wisconsin and is described in the 
paper by Stout £t (1979). 

2. BASIS OP THE WISCONSIN APPROACH 

We assume chat 1) most GATE rain 
comes from cumulonimbus clouds, 2 ) cb's can 
readily be identified— on Che basis of growth, 
movement and texture, in addition to tempera- 
ture or brightness-*!' a sequence of Infrared 
or visible images, ana 3) cb area can be approx- 
imated by a single threshold contour of temper- 
ature or brightness* To a first approximation, 
the rsinrate R for a cb then is given by 

R - a • A a, • AA/At. 
o 1 

A is cloud area, AA/At is time 
rate of change of area, a^ and a|^ are empirical 
coefficients, and the units of R arc volume 
divided by time. Area la defl.ied by thresholds 
of temperature and albedo: 245 K and 45t. 

These were selected (mainly on the basis of 
observations near Miami) to exclude the bulk of 
cloud material which contributes only a trivial 
amount to total rainfall. 


3. APPLICATION IN CATE 

To calculate che roefficlencs 
and ap two days of SMS-1 visible and Infrared 
images were matched in time and space to cali- 
brated radar observations from the CATE ship 
Oceanographer . Using an Interactive image pro- 
cessing system, cumulonimbus clouds in each 
sequence were identified. Their areas and the 
corresponding rainrates then were measured, 
picture by picture, for the whole lifetime of 
the cloud. Results arc susmerizei In Table 1. 


Table 1 

Coefflclente of the Visible end Infrared Rainfall 
Relatione 



Infrared 

Visible 

Number of clouds 

34 

23 

Number of image pairs 

329 

219 

Sq U0“7bi s'lj 

3.4 

5.2 

Ml [10“3«) 

2.8 

2.6 

• A 

3.3 

2.3 

sj^ • |aA/Ac| IlO^m^s*^] 

1.9 

1.3 


The last two lines of Table 1 com- 
pere the average contribution of each term to 
the total rainfall. For the clouds meeeured, 
area change accounted for about 1/3 of che total 
variance in rainfall, a fraction which might be 
significant in flaah flood forccaatlng, fsr 
example, where timing is important. The cor- 
relation of area with rainfall Increased for 
area lagging rainfall up to 1 to 1 1/2 h 
(Fig. 1), and ranged up to 0.9. The standard 
error is 60X for visible, 75Z for infrared. 

Thus for one cloud for one-half hour the 
expected error le 60 to 75Z of che rain estimate. 
This error would tend to diminish in proportion 
to che inverse of the squsrt root of the sample 
sire. 

As a test of this method rainfall 
waa eatimated for four days of CATE, including 
on» of Che csllbrstlon days (overlap amounted lo 
1/6 of Che test date). The correlation of 
satellite reinfell regressed against radar rain- 
fall, both averaged over an area of '10^ km^, 
was 0.84 (see Pig. 2). Minus 0.05 mm Is the 
intercept value, 0.91 is the elope end che 
standard error o( estimate Is 1/4 mm, about 302 
of chc hourly average ralnrete. Sscellite rsln- 
fell tended to be smoother Chen redsr rslnfsll 
end ilsplsced slightly toward che north end 
northwest (Fig. 3). Ocherviee pseterns of 24 h 
reinfell were in remarkable agreement. 
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Figure 1. Cox^laticns b€ttM 4 n volwmtria 
mtnjMttf and alofud araa. Araa t« maaurad at 
thraahold Zavala, in digital aowtta, voicing 
along tha abaoiiaa. Corralationa ora oaloulatad 
for tima laga, indioatad in houra along tha 
crdinata, Arraiva along tha ugpar ordinata mark 
digital oomta oorraapcnding to thraahold lavala 
for raining olovda. a) Viaihla. b) Tnfrarad* 


4 . 


The aeln weaknesses of this method 
aside from chose Incrlnslc co the visible — 
Infrared methods f arc as follows: 

a. It was designed for CATE and so 
far has only been applied in 
Che GATE area. 

b. It Ignores rain from stratiform 
and warm convective clouds. 
Augustine eC al. (1981) have 
shown chat under soma regimes 
this can be a large part of 
total rainfall. 

c. It ^s inflexible. 

d. It demands much skill and con- 
centration from tne user. 

The strengths of the method lie in the simplic- 
ity of the algorithm. In addition, this method 
makes full use of the high time and space reso- 
lution and large dynamic range of geostationary 
satellite data, finally, it yields a volumetric 
rather Chan a point estimate of rainfall. 

5. OUTLOOK 

This review and comparisons with 
other techniques suggest several possibilities 
for improving the schema described here, first, 
Che growth term could well be dropped in appli- 
cations at synoptic and larger scales, for a 
great gain in simplicity. Second, the measure- 
ment of cloud area could be automated. This 
ought to significantly speed the processing of 
images. Third, where accuracy is critical, the 
addition of mean cloud temperature or brightness, 
standard deviation of temperature or brightness 
and cloud thickness terms might significantly 
Improve the estimate for any particular cloud. 



Figura Z, Satallita md radar hcurlg rainrataa avaragad ovar a dito IQi km in radius oantarad at 
Hours in CHT ora plottad along tha absciaaa. 
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Figure 3. Mapt of BatelliU rainfall (left) and radar rainfall (right), PaHods ora 0400 to 2200 GMT 
for ths 8 aUllit 0 attimats; 0000 to 234S for the radar eetirute, 
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A COMBINED VISIBLE AND IR TECHNIQUE FOR THE ESTIMATION 
OF RAIN AMOUNTS FROM GOES DATA 


G. L. Austin and S Lovejoy 

McGill Radar Weather Observatory 
Macdonald College* Ste. Anne de Bellevue, Que., Canada H9X ICO 


1. INTRODUCTION 

The remote sensing of rain amounts is 
clearly of great interest not only to those con- 
cerned with climate modelling but also for a 
great variety of operational applications, in- 
cluding hydrology, hydroelectricity and agri- 
culture, While the microwave radiometer repre- 
sents the most obvious technique in that the 
hydrometeorsare sensed directly, we believe that 
poor spatial and temporal resolution, together 
with the problems associated with the escimation 
of effective rain layer height make visible and 
IR techniques more promising at the present time. 

A comprehensive review of satellite 
-ainfall estimation methods up to 1973 was 
gathered by Martin and Scherer (1973), Signi- 
ficant work was subsequently published by 
Reynolds and Vender Haar (1973), Griffith and 
Woodley 0973), Follansbee and Oliver (1975) and 
Kilonsky and Ramage (1976). More recently, Stout 
et al (1979) and Griffith et al (19781 introduced 
the concept of the rate of areal change in re- 
fining rainfall measurements. Scofield and 
Oliver (1977) devised a procedure in the form of 
a flow diagram in order to ascribe a rainfall 
rate to cumulonimbus clouds, Wylie (1979) 
attempted, with some success, to apply the Stout 
et al technique to the Montreal region. 

Of significant importance are the con- 
cluding remarks of the review paper by Martin 
and Scherer (1973): "Based on bivariate fre- 

quency distribution of brightness versus tempera- 
ture, Gruber concluded that brightness enhancing 
or infrared technique alone may be inadequate to 

deduce details of convective activity This 

implies that better estimates of rainfall will 
come from visible and IR observations oombim^c 
than from either used alone". However, with the 
exception of a note on image differencing by 
Reynolds (1978) this reconnendation had been ig- 
nored until the two wavelength pattern recogni- 
tion technique of Lovejoy and Austin (1979a) was 
introduced. 

The latter technique identifies clouds 
with high probability of rain as those which have 
large optical and presumably physical thickness 
as measured by the visible albedo in comparison 
with their height, determined by the intensity 
of the IR emission. 


2. DATA BASE 

The radar data used in this analysis 
are from the GATE experiment f>^om CCGS Quadra and 
from Montreal from the McGill Radar Weather Ob- 
servatory. The digital GOES data for the appro- 
priate times and locations were obtained from the 
University of Wisconsin, through the good offices 
of Or. Don Wylie. 

3. ANALYSIS 

We believe the estimation of rain 
amount from satellite data depends upon two sep- 
arable steps: 1) the delineation of the areas 

of rain, and 2) the estimation of the rain rate 
given that the area is known. A problem with 
this type of analysis is that it is necessary to 
compare error statistics for different techniques 
and there seems to be no generally accepted best 
statistic to characterize the errors. The main 
possibilities seem to be the bias (B) or mean 
ratio, the error factor (Ep) and the root mean 
square error (Enns)‘ ^ perfect technique 

B » Ep » 1 and E^ » 0 

4. THE RAIN AREA ESTIMATION SCHEME 

The satellite visible and IR data were 
remapped onto the radar coordinate system with a 
spatial resolution of 4 km x 4 km and an inten- 
sity resolution of 25 levels. The two- 
dimensional freouency matrix was then calculated 
separately for the raining and non-raining loca- 
tions as defined by radar. Typical samples are 
shown in Figs, la and lb. The ratio of raining 
to non-raining points was then found and plotted 
8$ a percentage accuracy or probability of rain 
as shown in Fig. Ic, where the greater-than-50!t 
contour has been plotted. Errors as described 
above were then calculated for GATE and Montreal 
data. Figure 2 shows the resulting satellite and 
radar rain maps for GATE and Montreal. 

5. THE RAIN RATE ESTIMATION SCHEME 

Several techniques for the estimation 
of instantaneous rainfall rate were tried. For 
example, the probability of rain is slightly 
correlated with the rainfall rate. However, we 
have concluded that, since the visible and IR 
wavelengths primarily respond to the relative 
abundance of cloud droplets and not to precipita- 
tion sized particles, that it is unrealistic to 
expect good, or even half-sensible, rainfall rate 
estimates. 


D-141 



ORIGINAL PAGE B 
OF POOR QUALITY 



Fig. la 

Frequency plot of no-rain distribution for GATE 
day 1300 GMT. Horizontal axis is visible data 
on scale 0-1, and vertical axis temperature also 
normalized on scale 0-1. 



Fig. lb 

Similar to la, for rain data. 



Fig. Ic 

Elements of Fig. ib as a percentage of Fig. la 
plus F1g. lb, with the resulting optimum bound- 
ary sketched In. Any combination of visible 
and IR values within this boundary resulted in 
a satellite rain point. Anything outside re* 
ulted in a no-rain point. The resulting map is 
shown in Fig. 2. 



^0 km 



Fig. 2 

(top) The satellite rain map produced by the 
optimization of the data In Fig. 1, Vertical 
lines are radar rain areas, horizontal lines are 
satellite rain areas. The radar range is 180 km. 
Note that the percentage error (in this case • 
15.2%) is not the percentage of the striped areas 
to cross-hatched areas, but is the percentage of 
the striped areas to areas cross-hatched or blank 
(the latter represented satellite and radar agree- 
ment on no-rain). 

(bottom) A satellite rain map of Montreal, day 
180, 1977, at 1630 GMT, showing an active cumulus 
band. The radar range is 180 km. 
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Consequently, we sought to answer the 
question for a radar sized (400 km x 400 km) 
piece of real estate how great an error was 
introduced by assuming a constant or climato- 
logical rainfall rate for those areas which were 
raining and zero elsewhere. Single images (each 
half-hour) and two-hour accumulations for GATE 
and Montreal were attempted. The technique was 
to assume that the radar data delineated the 
raining area exactly and then to compute the 
flux of rain based on this area and a climato- 
logical rain rate and compare with the flux from 
the full radar data (3-km CAPPI). 

6. RESULTS 

Table 1 indicates the magnitudes of 
the errors inherent in the techniques described 
in (4) and (5) above. 

For comparison, error statistics by 
different authors for satellite rain estimation 
schemes are shown in Table 2 


Number of coniccuiive 
houri of data 

accumulated 

1 

2 

4 

1 

10 

15 

Number of tequencet 

of accumulated data 

321 

146 

39 

28 

13 

8 

At* 

0 91 

091 

0 91 

0 9) 

094 

0 93 

An A 

0 15 

064 

0 63 

0 72 

0 62 

072 


0 41 

0 37 

0 33 

0 33 

0 22 

0 20 

<r§ 

1 02 

079 

0 71 

066 

0 39 

040 

B 

1 53 

1 41 

I 33 

1 34 

1 17 

1 16 


1 74 

1 56 

1 49 

1 47 

I 29 

1 29 

<r, 

1 30 

0.70 

064 

0 58 

0 33 

0 33 


Table 1 


Statistics determined by the Quadra radar for 
Phase III of GATE accumulated for various 
lengths of time. 


7. CONCLUSIONS 

In agreement with other researchers, we 
have found that GOES infrared and visible Imagery 
can be used both for ram area and amount estima- 
tion. By using data for long time periods in 
both GATE and Montreal, the variability of ram 
amount estimates from known areas of rain can be 
computed, and, due to the high correlation 
(correlation coefficient - 0.88, 0.91 respectively) 
between rain area and rain amount, this variabil- 
ity is shown to be of the same order of magnitude 
when compared to the errors involved in the exist- 
ing satellite rain amount estimation techniques. 
When this variability is coupled with errors in 
the area estimation by two-dimensional pattern 
matching, reasonable accuracy for rain amount 
estimation is obtained. These facts support the 
hypothesis that GOES IR and visible data are good 
for determining rain areas, but poor for deter- 
mining rain rates. 

For Montreal, we may roughly estimate 
the contributions to E^^ from different sources 
as follows: S% from the gauge to radar measure- 

ment, Z2% for radar area to satellite area, and 
44% for the satellite area to the satellite 
amount, yielding, for independent processes, 49% 
for the total process, for estimates based on 
single sets of IR and visible images. 

8. ACKNOWLEDGEMENTS 

Helpful discussions with Don Wylie, 

Fred Mosher and Dave Martin, of the University of 
Wisconsin, are acknowledged. The project was 
supported by AES through the good offices of 
Mr. Graham Morrissey 


Author 

Follantbee 
and Oliver 
U975)» 

ScoAeld 
and Obver 
(1977br* 

Griffith era/ <1978) 



Wyhe 

(I978)t 

Stout ft at 
(1979) 

Technique 

NcphanaJyiex 

Hialory and 
•ynoptK 

data 

Lifetime tncaturements 


Expanding 

anvtii 

Expending anvilt 

Region 

Alabama, Georgia, 
South Carobna 

North 

Carobna 

Florida 



Montreal 

GATE 

Sixe of area (km*) 

-104 

-10* 

-10* 

-10* 


-10* 

-6 * 10* -10* 

Number of 
tequencci 
examined 

233 

, 

8 

5 


3 

2 4 

Number of dau 
pointt UMd 

253 

4 

33 8 

37 43 3 

5 

35 

219 329 62 8 

Time of accumula- 
tion 

daily' 

6h 

“hourly " "daily" 

hourly ' "daily " 

VS h 

VS h 1 h 6h 

Type of data used 
B 

VIS IR both 
1 31 1 31 1 22 

IR and vti 
044 

t II 
1 86 

Vlt vit 

Ml 0 83 

2.61 1.68 

Vlt IR Vlt 

1 13 2 70 M3 

2 38 3 'I 1 39 

IR 

1 90 
1 95 

Vlt IR 

58 46 

Vlt IR IR IR 

62 76 32 23 


* Tlw trror ffgurtt havt btcn computed from Follantbee end Oli.er ( I97j. Tables 2. 3. 4) 

** This column hat been computed on the batit of the only ramflill amount tiatittics contained >n either ScoAckJ and Obver 1 1977a 
or 19T7b|, that it, from Fig. 1 1 of ScoAeld and Oliver (1977b) 

t These are the avcrafc t^pirei for the Ave tequencet. tahen from Wylie ( 1978 Table 2) 


Table 2. 

Comparison of the error statistics obtained by various researchers in satellite rain amount estimation. 
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VISIBLE AND INFRARED TECHNIQUES FOR FLASH FLOOD, 
HYDROLOGICAL, AND AGRICULTURAL APPLICATIONS 





Roderick A. Scofield 

Applications Laboratory 
National Earth Satellite Service, NOAA 
Washington, D.C. 


1 . Introduction 

This paper discusses the use of visible and infrared techniques for 
estimating precipitation for flash flood, hydrological, and agricultural 
applications. The visible and infrared technique discussed was developed by 
Scofield and Oliver. Satellite-derived rainfall astimates may supplement other 
data or, in some important cases, may be the only data available. In this 
paper, the Scofield/Oliver convective rainfall technique is used for analyzing 
a half-hour period of heavy rainfall during a Chicago flash flood event. The 
results of a real-time hydrological application of the Scofield/Oliver technique 
for the Hurricane Allen event are also presented. Finally, the paper very 
briefly discusses visible and IR techniques for agricultural applications. 

2. Scofield/Oliver Technique 

Scofield and Oliver (1976, 1977, 1978, and 1980) have developed a technique 
that gives half-hourly or hourly rainfall estimates from convective systems by 
using GOES IR and high resolution visible pictures. The Scofield/Oliver technique 
is presented in the form of a decision tree which an analyst uses to determine 
rainfall estimates. The technique was designed for deep convect’ve systems that 
occur in tropical air masses with high tropopauses, and it is applied using IR 
pictures displayed according to the digital enhancement curve (Mb curve). 



Figure 1. Enhanced infrared imagery (Mb curve), 
0900 GMT, September 12, 1978. 
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An example of a thunderstorm system displayed with such a curve is shown 
in Figure 1. The picture shows the temperatures associated with each of the 
contours in the Mb curve: medium gray (-32 to -41°C) represents the warmest 

tops, white (below -80°C), the coldest. 

Estimates of convective rainfall are done by comparing the changes in two 
consecutive pictures, both IR and high resolution visible. The technique is 
divided into two main parts: (1) the active portion of the convective system 

is identified, and (2) the half-hourly convective rainfall estimate is computed 
for the active portion from the meteorological factors in the following equation: 

Rainfall Estimate (inches) = (Cloud-top temperature and cloud growth 

factor or divergence aloft factor + 
overshooting top factor + merger factor 
+ saturated environment factor) 

X 

Observed surface to 500 mb preci pi table water 

1.5 (standard surface to 500 mb preci pi table 
water for the technique) 

Details on how to compute these meteorological factors are found in the 
following references: Scofield and Oliver, 1977 and 1980. 

3. The Chicago Rainstorm, June 13-14, 1976 

An unusually good opportunity for a test of this technique was presented by 
a severe thunderstorm that dumped torrential rains over an area around Chicago; 
the area contains 300 rain gauges at a 2-nm spacing belonging to the Illinois 
State Water Survey. 



Figure 2. Enhanced infrared imagery (Cb curve), 
2245 GMT, June 13, 1976. 
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A 30-minute period between 2245 and 2315 GMT was selected for comparing the 
estimated isohyets with the 300 rain gauge observations. The enhanced IR imagery 
for 2245 and 2315 GMT is shown in Figures 2 and 4; the 1-km visible imagery for 
2300 GMT is displayed in Figure 3. The enhanced IR imagery in Figure 2 shows the 
active area of the thunderstorm at A is very cold (black contour: -58 to -62°C); 
rainfall estimates were computed over this active area. At 2300 GMT (Figure 3), 
the 1-km visible imagery shows the active area of the storm as bright and 
textured; this active area is dashed. Overshooting tops are observed at 0 and 
T. The enhanced IR imagery at 2315 GMT in Figure 4 shows that the temperatures 
have become colder at A (around -65°C) and have reached the repeat gray level 
enhancement (-62 to -80°C). This repeat gray level area grew in size, <1/3° 
latitude during the half-hour interval. A circular black area surrounds the 
repeat gray level area. 

The half-hourly estimated isohyetal analysis between 2245 and 2315 GMT super- 
imposed on the rain gauge observations is shown in Figure 5 where the dots locate 
the rain gauges. The rain gauge values are in inches and "M" means the rain 
gauge observation is missing. The overshooting tops in Figure 3 were used to 
produce the small areas of maximum rainfall in Figure 5 whose sizes range from 
near 2x2 nm at 0 to near 5x5 nm at T. In this case, the estimates compared to 
the observed appear to be good. 

4. Hurricane Allen, August 9-12, 1980 

On August 9-12, 1980, the Scofield/Oliver technique was applied in real-time 
to Hurricane Allen as he moved westward from the Gulf of Mexico through southern 



Figure 5. Estimated/observed rain-^all, 2245- 
2315 GMT, June 13, 1976; isolines 
represent estimated isohyets (inches); 
dots locate the rain gauges; rain gauge 
values are in inches; "M" means the 
rain gauge observation is missing. 
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Figure 6. Enhanced infrared imagery (Mb curve), 
0130 GMT, August 11, 1980. 



Texas and into northern Mexico. As an aid in evaluating the floo-t potential, 
estimated isohyets were produced by NESS meteorologists in the Synoptic Analysis 
Branch in Washington, D.C., and transmitted to the River Forecast Center in 
Dallas-Fort Worth a'i the Weather Service Forecast Offices in San Antonio and 
Lubbock. The period of heaviest rainfall occurred along a convective cloud band 
shown in Figure 6 between A and A', Twenty-four hour observed and estimated 
rainfall amounts ending at 1200 GMT, August 11, are displayed in Figures 7 and 8, 
respectively. As can be seen from comparing the figures, the estimated rainfall 
pattern and amounts over southern Texas were quite good especially along the 
heavy rainfall band between A and A'. 


5. Agricultural Applications 

AgRISTARS (Agriculture and Resources Inventory Surveys Through Aerospace 
Remote Sensing) requires that visible and infrared precipitation estimation 
techniques be developed for agriculture application around the world. Such an 
effort encompasses four regimes: convective, tropical storm, monsoon, and 
extratropical storm. Therefore, precipitation estimation techniques must be 
develor?d for rainfall eve.its occurring from cumuliform clouds, stratiform 
clouds, and stratiform clouds with embedded cumuliform clouds. Both geo- 
stationary and polar-orbital satellite data are to be used in the technique 
development. However, for the countries where geostationary satellite data 
are not available, techniques using polar-orbital data alone will be developed. 
The principal ongoing precipitation estimation technique research and develop- 
ment activities using visible and IR data are «hown in Table 1. Of course, 
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the techniques in Table 1 will eventually be combined with microwave techniques 
in order to develop the best overall global precipitation estimation algorithms. 

6. Conclusions 


In this paper, the Scofield/Oliver technique was applied successfully to a 
flash flood producing thunderstorm over Chicago and to Hurricane Allen as he 
crossed southern Texas, Despite these successes, additional research is 
required before the technique becomes completely operational. We have plans 
to apply, develop, test, and verify this technique on NESS's Interactive Flash 
Flood Analyzer. 

NESS has the mission to develop precipitation estimation techniques for 
the agricultural community. Therefore, a goal of AgRISTARS is to implem .it 
the best and most efficient techniques into pilot operation and a large-scale 
applications test for agricultural users by 1984. 





Figure 7. 24-hour observed rainfall in inches ending 
at 1200 GMT, August 11 , 1980. 


D-150 




g.;AL/r/ 


CO 




15.75 

max 


Figure 8. 


Acknowle^ments 


24-hour satellite-derived rainfall estimate 
in inches ending at 1200 GMT, August 11, 1981 


The author would like to thank Vincent J. Oliver, Applications Laboratory, 
NESS, fcr his constructive criticism in the oreparation of the manuscript. 

Finally, I thank Sheila Collin for the typing and the layout of this manuscript, 
and John Shadid for the final draft of the figures and illustrations. 

8, References 

Oliver, Vincent 0. and R.A. Scofield, 1976: Estimation of Rainfall from Satellite 

Imagery. Published in the preprint volumes from both the Conference on Hydro- 
Meteorology , April 20-22, 19^6, Ft. Worth, TX, and the Sixth Conference on 
Weather Forecasting and Analysis, May 10-14, 1976, Albanv, NY, AMS, Boston, 

jrtJr — 




Scofield, Roderick A. and V.J. Olivei’, 1977: A Scheme for Estimating Con- 
vective Rainfall from Satellite Imagery. NOAA Technical Memorandum NESS 86, 
45 pp. 

Scofield, Roderick A., 1978: Using Satellite Imagery to Detect ana Estimate 

Rainfall from Flash Flood Producing Thunderstorms. Seventh Conference on 
Weather Forecasting and Analysis October 16-19, 1978, Silver Spring, MD, 
AMS, Boston, MA, 132-141. 

Scofield, Roderick A. and V.J. Oliver, 1980: Some Improvements to the 

Scofield/Oliver echnique. Second Conference on Flash Floods , March 18-20, 
1980, Atlanta, GA, AMS, Boston, MA 115-122. 




D-152 




1 


OT'*GIMAL rAGH 19 

OF HOur? quality 



0-153 






wN83 25296 



ORIGS.’MAL PAGE ES 
OF POOR QUALITY 


THE ESTIMATION OF CC> ^ECTIVE PRECIPITATION fBOM GOES 
IMAGERY WITH THE GRIFFITH/WOODLEY TECHNIQUE 


Cecilia G. Griffith and William L. Woodley 

Office of Weather Research and Edification 
NQAfV t Boulder, Color ado 


1. INTRODUCTION 

Agriculturalists, climatologists, 
hydrologists and meteorologists have many research 
and operational needs. A common recu;lrement of 
these diverse fields is the accurate and timely 
estimation of precipitation. Yet, it is often 
difficult to obtain such estimates by conventional 
means. The advent of satellite remote sensing 
however has opened the possibility of making rain 
estimates over time and space scales never before 
available. This paper gives an overview of a 
computer-automated technique that estimates 
suBBiertiflie convective rainfall from the thermal 
infrared imagery of geosynchronous satellites. The 
rudiments of the technique, the applications to date 
and future studies are reviewed in this paf«r. 

2. TECHNIQUE 

The derivation and verification of i 
technique to estimate suimertime convective rainfall 
from geosynchronous satellite data has been 
described in detail in Griffith ^ ^ (1978). 
Briefly, thermal Infrared images were calibrated by 
a combined system of gage and radar data in south 
Florida to produce an empirical, diagnostic 
satellite rain estimation scheme. Satellite clouds 
and radar echoes were found to follow a life cycle 
In which each grew to a maxlmun area and then 
decreased in area until it disappeared below the 
cloud or echo definition threshold of for 

clouds or 1 nn h"*^ for echoes. There is an offset 
between the echo life history and the cloud life 
history ii*^ich is Important because it compensates 
for oontaminacion from cold but inactive cirrus. 

Radar echoes within 90 n mi o^ Miami were 
matched to clouds on the corresponding infrared 
image for a nunber of sequences of satellite 
pictures. The resulting empirical rel6wionshlps 
betumer parameters measured from the satellite image 
and raxr.fall nave the following properties: 

0 Raining clouds are those v^ich are as cold or 
colder than -20®C. 

o Rainfall is directly property )nal to cloud 
area on any given picture. 

0 Rainfall is inversely proportional to cloud 
top temperature. 

o Rainfall is a function of cloud lito cycle, 
that is, more rain is inferred in * early 
stage of a cloud *5 history than it Uie later 

stage. 

The technique is fully automated so that 
estimates can am made routinely over large areas 
from digital satellite data. The four computer 


programs required to produce the estimates are i) 
the image navigation program (NAVIGATION), ii) the 
cloud isolation and tracking progrem (TRACK;, iii) 
the program viiich compiles cloud life histories and 
calculates volumetric rain production for each cloud 
(TRACER) and iv) the rain mapping program (RAINMAP) . 

Although the technique was derived in south 
Florida, it has been successfully used for 
extra-tropical convection, once environmental 
differences have been accounted for. 

3. VERIFICATION 

Verification of the satellite estimates is 
made with the best ground data available. This has 
been gages, radar or a combination of the tvo. 
Verification is judged on three aspects: 

® correspondence between sate* iite-inf erred nnd 
ground estimates of the amotnt of ralr. 

(usually area average depth) over a given 
region (Figure 1) • 

” temporal coincidence of the rain maxima and 
minima in the time series of the satellite 
ana groind rainfall -Figure 2) and 

0 spatial coincidence of the rain cores and no 
rain areas of the satellite- and 
ground-derived isohyets ^Figure 3). 


•ATirNiiM PUMMiaae 



Kadtr AMriM |iW n lOi) 


Fi(W€ 1. An example of verifioation on t-.e baei$ 
of eatetlite and gage amount The linear fit 
and oorrelation ao^ffieient uT 9 shewn on the 
scatter diagram. 
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Figure 2. An example of verification on the basis 
of temvoral coincidence of the satellite 
(solid) and radar (dashed) time series. 


Figure 4, Areas over u)hich the Griffith/Woodley 
technique has been applied. Refer to Table 2 
for the acronyms and period of calculation. 


first tvo are relatively easy tc achieve 
this technique, the latter is more difficult 
^ause there is not a unique relationship between 
instantaneous cloud top temperature and integrated 
surface rainfall* 


4. 


applications 


Rain estimates have been made over a mii^r 
of time and space scales shown in Table 1 and Figure 

4, respectively* (For more detail the reader is 
**^*'^* ^ 4" Woodley et al., 

iS Ji*» 1?79; Woodley et al., 1980; 
Griffith et <a., 1981; Augustine et al., 1981; and 
Jarvinwi andTJrifflth, 1981.) W1 tF tRe exception of 
the EPOCS vejrk and several calculations for 


hurricanes, comparison with ground data are possible 
for all of these* Several statistics for the anovrt 
comparisons are shown in Table 2* Ihe mmber of 
cases represented by ”N" in the table are days for 
GATE, period for HIPLEX and FACE (which ranges from 
3*5 to 16 hours) and storm event for hurricanes and 
flash floods. The bias, root mean square error and 
linear least squares fit parameters are sho%m for 
each sample* Ground data are radar for GATE, a 
combination of gages and radar for the Johnstown 
flash flood and gage data for the remaining samples* 
Bias (B) is defined as where S is the total 

satellite-inferred rain depth (mm) over the period 
of calculation and G is the total ground rainfall 
for the same period. The root mean square error 


Sit«llitt*lnftrr«<l Ramfaii 
(UNi>9 Florida Ralationabip) 


) ol Cumuiativa Rainlall 
Taxaa Hipltx Sita 
Juna 30, 1978 
1800 Z - 2230 Z 




Figure J. An example of verification on the basis of isohuets for satellite (le^t) ,md oaae fricht) 
eetimatee of rainfall, ^ y y 
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TABLE 1 


OR!G^^iAL 

OF POOR QcALi r/ 


APPLICATIONS OF THE GRIFFITH/WODLEY TECHNIQUE 


AREA 

Global Atmospheric Research Project's 
Atlantic Tropical Experiment (GATE) 

Florida Area Cumulijs Experiment 
(FACE) 

&quatorial Pacific Ocean Climate 
Studies (EPOCS) 

fUgh Plains ^periment (HIPLEX) 

Hurricanes 
Flash floods 


PERIOD 

June 27 to Sept. 20, 1974 


Selected days June to September 
1972 to 1980 

2-1/4 days November# 1978 
30 days November, 1979 

Selected days# May to July 
1976 to 1978 

Selected storms 1969 to present 

Big Thompson# CO 7/31 - 0/1# 1976 
Johnstown# PA July 19-20, 1977 



n 


1/2 


for S and G as before. In calculating the linear 
fits, the ground data have been used as the 
independent variable# and both satellite and ground 
rainfalls are mean rainrates (mov^h) averaged over 
the period, of calculation and the area of interest 
of each case. In the dense HIPL^ networks the gage 
spacing ranges from 20 to 150 kmVgage# while the 
sparse gage networks have a spacing an order of 
magnitude larger (1400 to 2'’00 kmVgage). in FACE 
the spacing is 120 kmVgage, whereas the balance of 
the gage data are available climatological data at a 
coarser spacing. 


The data in Table 2 indicate that on the 
average the technique approximates fairly well the 
ground data. The biases are close to 1.00, the 
value for a perfect correspondence and, with the 
exception of the GATE and dense HIPLEX results# the 
root mean square error is small. (This technique 
consistently underestimated the radar rainfall 
during Phase 2 of GATE# due to rain from shallow 
convection. The root mean square error for the 
dense HIPLEX data is dominated by one light rain 
case in vhich the average rain in the gage network 
was 0.001 mm/h and the satellite inferred 0.01 nm/h. 
without this case# the root mean square error is 
0.78.) In the linear fits, the correlations are all 
0.8 or greater. With the exception of the sparse 


TABLE 2 

ERROR STATISTICS FOR APPLICATIOIS 
OF THE GRIFFITH/WDODLEY TECHNIQUE 


LOCATION 

N 

9 

®RMS 

R 

SLOPE 

INTERCEPT 

GATE 

53 

0.84 

0.79 

0.87 

0.97 

-1.47 

HIPLEX 

(dense) 

15 

0.77 

2.61 

0.90 

0v62 

0.07 

PACE 

11 

0.88 

0.42 

0.95 

1.18 

-0.23 

HIPLEX 

(sparse) 

9 

0.90 

0.55 

0.78 

1.81 

-0.27 

HURRICANES 

3 

1.08 

0.06 

1.00 

0.89 

0.18 

FLASH FirCD 

2 

1.39 

0.48 

0.99 

0.89 

23.93 

PERFECT 

CORRESPONDENCE 

1.00 

0.00 

1.00 

1.00 

1.00 
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HIPLEX network, the slopes are all close to 1.00* 
(The relativley large slope for the dense network 
results may be more Indicative of sampling errors 
due to the ground data than to errors inherent in 
the satellite technique.) The intercepts of the 
GATE and flash flood data show the effects of the 
satellite's underestimation of GATE Phase 2 (noted 
above) and overestimation of the flash flood cases. 
All other intercepts are close to zero. 

There is also evidence that the technique 
performs better on heavier rain than on light rains. 
(See Griffith et 1981.) In compering 12 heavy 
rains to 12 li^t rains from the HIPLEX data set, we 
found that the bias and root mean square error were 
much larger for the light rain cases. The bias was 
2.38 for light rains, but 1.28 for heavy; the root 
mean square error was 3.62 for the light rains and 
1.56 for the heavy. 

Temporal comparisons of satellite and ground 
rainfall time series show that satellite estimates 
are usually within 30 to 60 minutes of the ground 
rainfall maxima and minima. (Note that the tonporal 
resolution of the satellite data is usually 30 
minutes, so that this quoted figure is for the 
nominal resolution of the satellite data. The lag 
naturally is a function of the temporal resolution 
of the satellite imagery.) The satellite offset 
ahoh^ no bias toward preceding or lagging the ground 
data. 



Figure S. Coaatal rain profiles for a Iccndfalling 
hurricane, Profiles derived from gage and 
satellite data are ehotjn for hurricane Greta^ 
9/29/78. Gage results are shorn by the solid 
line and three satellite •inferred profiles for 
Oj 6, and 15 hours prior to landfall ars shorn 
in the remaining curves. 


tXiring the last several hurricane seasons 
the technii^e has been used quasi -operationally for 
landfalling hurricanes. The product for this 
eppllcation was a tcnperacure contoured satellite 
image and three gross measures of storm rainfall 
which Were computed on the basis of a single image x 
total volumetric out^t, area-average depth and 
average rain potential of the storm. The hurricane 
verification results previously shown indicate such 
^ close correspondence between satellite and gage 
estlMtes that much confidence can be given to these 


measures of gross rainfall. This past season a new 
product has been added. It shows a 
satllite-inferred rain profile along a hypothetical 
coastline which is perpendicular to the direction of 
storm motion (Figure 5) . In this figure distance 
from the storm's eye along the hypothetical 
coastline Is plotted on the abcissa and rainfall in 
inches is plotted along the ordinate. Actual gage 
data for the passage of Greta (1978) through the 
country of Belize, Central America are giv«i in the 
solid line and three satellite estimates at 0, 6 and 
15 h prior to landfall are shown In the remaining 
curve. . Initial results (for Greta and Allen, 1980) 
indicate that peak rainfalls and total rainfalls 
inferred by the satellite are remarkably close to 
gage results, but that the satellite technique tends 
to calculate too much rain to the left of the 
hurricanes eye and too little in the region 
immediately to the right of the eye. These 
discrepancies may be due to the effect of the land 
on the storm's low-level circulation. 

5. CURRENT AND FUTURE STUDIES 

Ongoing research Is involved in assessing 
the applicability of the technique to several 
different problems. In the context of AgRISTARS we 
are determining the applicability of the technique 
to agricultural users for both sucnertlme and 
wintertime precipitation. Secondly, the extra-area 
effects of cloud seeding will be quantified by use 
of this technique for the area surrounding the 
Florida Area Cumulus ^periment (FACE) . Thirdly, a 
study to determine the accuracy of the technique as 
a function of space and time is addressed In 
another paper for this workshop (Mbodley, Griffith 
and Meltin, 1981). And lastly, initial efforts have 
been made to use satellite rain estimates from this 
technique for the determination of microwave 
attenuation in the SEASAT SASS sensor (Figure 6). 

Ch the left of this figure is rainfall for hurricane 
Fico derived from the SEASAT 36 GHz passive 
microwave radiometer (SWiR), The right side shows 
rainfall inferred with the Wbodley/Griffith 
technique by using the SEASAT thermal Infrared 
channel on the VIRR. With the exception of the 1/2^ 
latitude displacement, the extent and location of 
the cores In the patterns are similar, although the 
intensities of the cores are higher for the SMf) 
data. Comparisons such as this one will be used to 
assess the accuracy of our Inferred Isohyets in 
hurricanes. 
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Introduction 

Since 1969 ue have had an active interest in th^ University of Bristol 
in improved rainfall monitoring using satellite ana conventional data, uur 
research has aimed to design and develop a method to: 

(a) Provide rainfall evaluations more uniform^ accurate and complete than 
could have been derived from satellite or conventional data alone; 

(b) Serve current operational environmental programmes in countries u/ith 
special needs for improved rainfall data; 

(c) Invoke either polar-orbiting &/or geostationary imagery as the satellite 
inputs; 

(d) Utilise Global Telecommunication System (GTS) SYNUP messages as the 
basic conventional data inputs; 

(e) Be applicable to any and all types of weather situations in the 
operational areas; 

(f) Be undemanding in hardware and software so as to be an option available 
for use even by nations or agencies with very limited financial 
resources. 

Gur most basic intention has been to capitalise simultaneously on the 
more desirable characteristics of raingauge and satellite cloud-image data 
in our attempts to achieve these goals. These characteristics involve the 
following considerations: 

(a) Raingauge data are relatively accurate measurements of rainfall 
accumulated through time^ but are notoriously location-specific. This 
is a serious disadvantage where such a spatially noisy weather 
parameter is concerned. 

(b) Satellite data give spatially complete and detailed pictures of the 
distributions of clouds, from which useful assessments of rainfall may 
be deducible. However, rain areas and amounts can be very difficult 
to evaluate with confidence owing to wide variations in rain rates 
from apparently similar cloud fields. 

Us have sought to make the best possible use of che two types of base 
data, and to compensate for the inherent deficiencies of each, by using 
raingauge data as the bases for our rainfall maps, and improving the shapes 
of isohyets in conventional data-sparse areas through extrapolations of 
observed cloud/rainfall relationships from gauged into ungauged areas. We 
have developed "floating** schemes to help us make suitable allowances both 
for climatological variations, and day-to-day differences in cloud/rain 
relationships. 

Although the present Bristol Method (Nark Iv) retains the climatological 


D-160 



/statistical heart of its predecessors, it relies heavily upon the meteoroid 
ogical knowleage and skill of the analyst* Consequently, it ~as deen oes- 
cribea recently as * *an extension of classical synoptic meteorology, involvino 
as it does a strong element of qualitative judgement* based on a variety of 
types of weather ooservations* and executed as it is u .thin a framework of 
rules and practices evolved largely through practical experience ”* (Barrett, 
in press). 

1 1 Significant stages in the development of the Bristol Plethod . 

The Bristol Method of improved rainfall monitoring through the integrat- 
ion of conventional data and polar-orbiting satellite imagery (see fig. 1) 
had its origins in a climatological (monthly accumulated rainfall) technique 
described Oy Barrett (1970, 1971). estimation and mapping of rainfall ui th- 
in shorter, meteorological, time-frames using such a cloud-index technique in 
which satellite-viewed cloud is evaluated in terms of cloud area and type, 
and the likely associated intensities and frequencies of rain, was attempted 
first for Northern Sumatra (Barrett, 1975a, 1977a). Subsequently other 
studies have been undertaken in North-east Oman (Barrett, I977h A 1978), and 
most extensively and continuously, in North-west Africa (Barrett 1976, 1977c, 
I977d, and Barrett 4 Lounis, 1979, Barrett 1980; for a general summary see 
Barrett, in press). Significant stages in the development of the Bristol 
approach from its early experimental stages to its current operational use 
in North-west Africa may be summarised as follows: 

1 • The Bristol Method* Mark I . 

Calibration of cloud indices was undertaken for grid squares lacking 
rainfall stations (satcells) through the cloud-index: observed rainfall 
relationships established for a series of squares containing individual 
rainfall stations (gacells) through a selected "historic^ period on a once- 
daily sampling basis. Unlike similar methods developed in the USA (see e.g., 
Follansbee, 1973; Follansbee 6t Oliver, 1975), the Bristol Method incorpora- 
ted, from its outset, a ^floating'* device to accommodate the variable rela- 
tionship between satellite-imaged cloud and surface-measured rainfall. In 
Mark I the historic cloud-index:observed rainfall regressions were contoured 
by confidence limits to achieve suitable floats of rainfall estimates for 
each satcell as required. 

2# The Bristol Method* i>iark II , 

This differed from Marx I in two important respects. First, cloud-inoex: 
observed rainfall regressions were prepared for ( ''morphoclimatic'*) regions, 
each embracing several gacells, not .or inoivioual gaceiis as in Mark I. 

ORIGih ; ^ . . 
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figure 1 « Flow diagram for the Bristol Method in its most recent 
form (Mark IV). 


















This was necessicated by the mucn lower number of rain days at each gruge in 
the semi-arid environment of INiortn-east Cman than had been recorded in t^Jorth- 
west Sumatra* Second, "fluating” of daily rainfall estimates for satcells 
was achieved through the use of regressions contoured parallel to the compu- 
ted regression lines (fig* 2), not sub-parallel k/ot oblique as the confid- 
ence limits in Kark I had been* The change was made partly to achieve more 
realistic estimates at the intense end of the rain-rate spectrum, and partly 
to avoid certain questionable statistical assumptions necessicated by the 
confidence limit approach* However, the new meteorological assumption (that 
rain-cloud systems might be expected to precipitate everywhere more or less 
heaviiy than the norm) were also open to question, especially where rain- 
rates uere low* 

3. The Bristol Method, hark III * 

This again advanced on its immediate predecessor in two ways, necessit- 
ated by its application over much wider, less well-gauged areas than flarks 
1 k II* first, its temporal resolution was doubled in order to give ^2 hr 
rainfall data* Second, its spatial performance was improved through routines 
following, but more flexible than those suggested first by Follansbee (1976) 
to accommodate as well as possible the implications of rain-cloud system 
movement k/ov development between the times of the "set-piece** analyses 
based directly on twice-daily satellite imagery* Although applied usually 
to polar-orbiting (visible k/or infrared imagery, tests have demonstrated 
that mark III is (even more) viable if based on more frequent fleteosat 
imagery (Barrett, 1980)* 

4* Germane work of a similar nature was undertaken in the early 1970s with 
the aim of not estimating, but predicting, rainfall totals* (Barrett, 1973, 
1975b)* This work was not carried forward because of the greater interest 
exhibited by the user community in post-event data* However, the pre-event 
results are of significance in the present context because they werj derived 
from mid-latitude studies covering parts of south-west Ireland and south- 
west Cngland* 

1 1 1 The Bristol method hark, 17 

Current work under tne umorella of the AgHI5TAHS project (NtbS, 1980) 
seeks to:- 

(a) Oemonstrata the viability of the Bristol approach in middle latitude 

(cyclonic frontal) areas; 

(b) Heview the requirements and bases for local regional calibration; ano 

(c) move towards a fonn of the method which could be transferred conveniently 

to an interactive system so tnat it might be more rapidly applied to 
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ri qure 2 « A regression diagram for part of north-west Africa as used 
to ’•float" rainfall estimates for satcells in relation to 
gacell-evidence. In this example a gacell cloud index (a) 
and rainfall observation (c) locates point (1) on the oper- 
ative regression surface* A transparent overlay is moved up 
so that the climatic regression (marked by the tagged line) 
intersects (1). For an associated satcell, the cloud index 
(b) is translated into a rainfall estimate (d) through point 
(2), which, like (1), lies on the operative regression surface* 



Fiqurs 3* Annual verification statistics for 1b stations in north-east 
Oman, 1975. 
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Large areas by a minimum of analysts and support stoTf* 


Although uur present studies arsj as yet, incomplete, it is not too 

iarly to propose that: 

1« A '^Global Regression f^iodel'* can be used to obv/iate the need fur time* 
consuming calibration of the method for each new area of application; 

2. The first results of the use of nark in a mid-latitude test area 

(Spain - Trance - England) appear very promising; and 

3. Running a derivative of the Bristol Hethod, nark Iv, on a suitable 
interactive system would yield better results than the longhand (”cye* 
ball**) riethod, for this would permit more flexible contouring for 
obvious rainfall gradients than at present* 


I V Verification of Results* 

The forms of the results have been dictated mainly by the purposes for 

which they were compiled* They may be represenf«ri as follows: 

(a) hark 1: Annual rurv-off data from river giiugi^'o stations at the outlets 

of two basins in northern Sumatra showed that satellite rainfall estim* 
ates over those basins provided 79*2 & 67*8% of basin average rainfall* 

(b) nark II: Data from 15 reserved verification stations in north*east 
Oman showed that annual rainfall estimates from satellite evidence 
were strongly correlated with observed rainfall (Fig* 3); annual rain- 
fall estimates for the 13 stations averaged 97.9% of observed rainfall* 

(c) nark III: Satellite indications of significant rainfall events in 

north-west Africa have been verified mostly by vegetation response: we 
have evidence of no major rainfall events in over 2 years that we have 
not Identified in our satellite-improved rainfall maps* (bee Fig* 4). 

(d) Mark iv: First results in our AgHISTAHS study in Western Europe are 

represented in Fig* 5* iJe have yet to establish how much of an improve- 
ment these data repiesent over those which would have been achieved 
through standard interpolation techniques* 


V Problems and prospects * 

The biggest problem we have grappled with is how we might oesc accommo- 
date the changes which ta^e place in cloud fields from one imaging time tc 
another, especially when these are as much as 6 or 12 hr apart* This poses 
special problems for automation: mean brightness (averaged through time) tells 
us relatively little about cloud types^ whilst texture, which is so informa- 
tive on cloud type in instantaneous images, would be undepenoable in composite 
images* Such difficulties leac us to believe t^iat full automation or a method 
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fioure 4. Rainfall in north-west Africa, for the week of 29 i''arrh - 
4 April 'i977, from (A), STS data alone, ano (b) GTb plus 
tuice-daily satellite nvidencse 
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Figure 5 . Contingency taole of 12 hourly satellite-estimated (ne) rain- 
fall versus observed (Ha) ra.'nfall for verification stations 
in a uiestern Europe test area, 1-6 l^ay, 1978« 
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like ours cannot be contemplated yet* 

Further problems involve the ways in which we might increase the physi-* 
cal directness of the Bristol ilethod, and improve our assessment^ of c ouqs 
in the absence of ground truth. Physical models of key weather scructu 9s 
are generally unhelpful in analyses of day-to-day situations, in which the 
atmosphere usually behaves in a subdued and relatively nondescript way* 
Aoditional parameters (e.g* precipitable water) might usefully guide the 
analyst using an interactive system for his operations; but no operational 
method can utilise data or data types which are unavailable locally or 
through local channels* 

In conclusion, we see the Brijtol Method as an organically-evolving 
optimization technique for rainfall monitoring in conventional data-sparse 
areas, to be used until a more physically-direct method (microwave, radar?) 
becomes available to every user. However, we are also confident that much 
of our experience will continue to be relevant to the future problems of cal- 
ibration of new satellite rainfall data, and the integration of satellite 
data with ground truth. 
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Figure 6. “Global Regression Model” for instant use in a wide range of climatic regions, developed from 
computed regressions in several more local studies in differeni parts of the world. 
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INFERENCE OF PRECIPITATION THROUGH THERMAL INFRARED 
MEASUREMENTS OF SOIL MOISTURE 
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Remote sensing estimates of area 
average precipitation have particular 
usefulness to agricultural and climato- 
logical applications. Estimates obtained 
by means of active or passive microwaves, 
infrared and visible sensors may be 
augmented and improved using Indirect 
measures of precipitation, such as the 
change in near-surface soil moisture 
content caused by a particular event. 
Obviously, measurements of soil moisture 
using infrared radiances do not provide 
precipitation information in real time 
since the sky must clear at least partially 
before the observation can be made. 

However, che resultant estimate of 
precipl tat ion is a time-integrated value 
which can provide a significant savings 
in data handling and can overcome 
virtually all of the sampling problems 
associated with the monitoring of precipi- 
tation through storms of long duration. 

Thermal infrared observations of soil 
moisture have been attempted in the past 
using sun-synchronous polar orbiting 
satellite data, such as the Heat Capacity 
Mapping Mission (HCMM, e.g., Harlan, 1980), 
however, such observations are Mmited 
by twice-daily temporal resolution of the 
surface temperature wave. As shown in 
Figure 1, there arc a wide variety of 
signatures sensitive to soil moisture 
which polar orbiters cannot detect, but 
which are observable from geosynchronous 
satellites. Figure I, extracted from 
Schmugge et al. (1978), represents in- 
si tu observations of surface temperature 
over a bare soil field In Arizona which 
was monitored during the drying cycle 


following irrigation. The data suggest 
that '.oil moisture information is contained 
in such parameters as the area integral 
under the diurnal curve, the slopes at 
various times, the difference between 
maximum and minimum temperatures, and the 
lag time of the maximum behind local noon. 



local TIW6 (HOURS; 


F-fgate J. ViuAnaf vaAiaticn oi MJA^ac^z 
oueA a boAz iiztd 

mejcuu/izd by a 1 hzAmocoupte., JncUaatzd oaz 

4 ome the. pa'iametvu mecuuAabte 
geo^ynchAonou^ 6atetJLLtu uikich cute 
tive to mo^tiVie. Vata Azp>i.oduced 
^nom Schmgge et at, (197^1. 

In order to determine which physical 
parameters are most sensitive to soil 
moisture and which are less prone to 
interference by seasonal changes, atmos- 
pheric effects, vegetation cover, etc., 
a numerical model was employed. The 
model is an updated version of the 
boundary laycr/earth ' s surface model of 
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Wetzel M978), Results of the modeling 
effort have shown that a normalized 
morning slope parameter. 


B 


(dT^/dH^) 


(dT /dH 

s s dry 


( 1 ) 


A simple algorithm has been developed 
relating an average value of B for all 
surface types, along with the observed 
geostrophic wind speed, to soil moisture 
content W/W^^ Model results show that 
:here is a parameter, to be called A, 
which has a simple linear relationship to 
geostrophic wind speed as follows: 


has the optimum characteristics for 
detecting soil moisture. Here dT^/dH^ is 
the change of surface temperature with 
solar radiation absorbed by the surface, 
as measured at mid-morning (O 8 OO-IOOO local 
time). This slope parameter, when normal- 
ized by its dry soil value, is quite 
insensitive to surface character i st ics for 
non-forested surfaces. Figure 2 is a plot 
of model calculations of B vs. fractional 
soil water content, where is the 
saturation or field capacity value of 
water content for a unit soil column of 
specified depth adjacent to the surface. 
Calculations for several wind speeds and 
two generalized surface cover types are 
shown. These results, as well as the 
results of many other experiments in which 
atmospheric, s face and soil variables 
were systematically varied, indicate that 
the parameter B is primarily sensitive 
only to soil moisture and wind speed. 



F-tguAe 2- hiomoLiz^d moaning poAn- 
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the ^oaJL mo^tuAz content [g/tm^] 
the top 15 cm 0^ ^olt, it the tatuAation 
\joZue 0 ^ W, 


A - 


(dT /dH ) 


s wet 


(dT /dH ) 


0.37 + 0.012 V (2) 
9 


where Vg is the surface geostrophic wind 
velocity in meters per second. When B 
is normalized by the parameter A in the 
manner shown in Figure 3# the resulting 
family of curves for all wind speeds fall 
within a narrow range which can be closely 
represented by a single mean curve. Thus, 
when A is determined using (2) and B is 
measured from the satellite (using a 
predetermined value of (dTg/dHj)^^^ from 
a I ibrary of previous measurements) , the 
soil moisture may be obtained from a single 
regression equation fit to the curve in 
Figure 3. 
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In order to then estimate precipi- 
tation, one invokes the assumption that 
the soil moisture content is directly 
proportional to the antecedent precipi- 
tation index, API, which is defined by 
Blanchard et al • ( 1981 ) : 


API . - P. + API . ,k, 

II 1-1 


(3) 
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where P is the 24-hour precipitation for 
day I. Based on data from an Oklahoma 
watershed, the exponent of P is reduced 
from unity to account for direct surface 
runoff. The API value is related to the 
water content in a soil layer, the 
thickness of which is dependent on 
specification of the depletion coefficient 
k. One then measures API through a series 
of days during which precipitation fell 
and inverts (3) to obtain P, 

Using preci pi tat ion data from a rain 
gauge network in Oklahoma, Harlan (I 98 O) 
found a correlation between API and the 
difference between pre-rain and post- 
rain afternoon infrared surface temper- 
atures measured from the HCMM satellite 
(see Figure 4). At the network stations 
which received the most precipitation, the 
same regression slope appears to apply 
even 8 days after the precipitation. 

Having established the existence of a 
correlation between surface temperature 
and API, the next step is to attempt to 
estimate API quantitatively by applying 
the algoi i thm described above on the NASA/ 
GLAS interactive image processing system. 
This process is currently underway using 
geosynchronous satellite and rain gauge 
data for the same case studied by Harlan 
( 1980 ), At the minimum, it is expected 
that several classes of soil moisture 
can be distinguished which will provide 
useful area-average informat ior. for 
input to climate models and agricultural 
data sets. 


figuAz 4. f/iom Hcuitan {19^0). Wzt 
rnintu dn,y 6 oil day tune, HCMM IR tcmpeA- 
atuAe antecedent p^ecipttatLon 
tndex. lialn ^ell 7/21. 
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Introduction 


Rainfall is a key element in our understanding of climate because the 
release of latent heat affects the energy budget of the atmosphere. Climate 
zones are frequently classified by their rainfall patterns, Koppen (1918) 
because the availability cf rain water has a profound effect on vegetation 
patterns and on crop yields. The economic benefit of accurate crop 
yield forecasts has been widely recognized in recent years, see AgRlSTARS 
(1979), and rainfall is the major determinant which fluctuates from one 
year to the next. Microwave radlometry from satellites has been used to 
remotely measure rainfall from Nlmbus~5 (19 GHz H polarization), Nlmbus~6 
(37 GHz H and V polarization) and Nimbus-7 (6.6, 10.7, 18, 21, 37 GHz). 

The physics of microwave radiative transfer Is well understood so that 
causal models can be assembled which relate the observed brightness 
temperatures to assumed distributions of hydrometeors (both liquid and 
Ice) non-preclpitating cloud (only liquid needs to be considered), water 
vapor oxygen and surface conditions. Present models assume a Marshall 
Palmer (1948) size distribution of liquid hydrometeors from the surface 
to the freezing level (near the 0‘C isotherm) and a variable thickness 
of frozen hydrometeors above that with various reasonable distribution 
of the other relevant constituents. The validity of suc'i models is a 
critical issue here. All uncertainties in the rain rate retrieval algo- 
rithms can be expressed in terms of specific model uncertainties which 
can be addressed through appropriate measurements. Those factors which 
must be known to achieve unambiguous results can be identified so that 
rainfall measuring algorithms can be developed and Improved. The emls- 
sivlty of the underlying surface significantly affects the contrast that 
may be measured betweeen areas covered by rain and those which are dry 
so that rainfall estimates over l»nd and sea must be investigated with 
somewhat differing algorlth'^s. 

Rain Over Ocean 


Microwave radlometry offers a particularly quantitative method of measuring 
rain over the ocean. The emisslvlty of the ocean surface Is low and not 
highly variable; It thus provides a good background for observing rain. The 
theory and initial validation of this concept was given by Wllhelt at al. 
'1979). They predicted brightness temperature/ rain rate relationships 
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based on the previously described model for 19.35 GHz dovra receiving and 
for both 19.33 and 37 GHz upward viewing. All three combinations compared 
very favorably with observations with the freeezing level at 4 Km; the model 
was not verified at any other freezing level. The freezing level dependence 
of the model has not been verified and remains an open issue. Rao e£ al. 
(1976) found in using climatological freezing levels in producing an oceanic 
rainfall at .as that the freezing level dependence of the model seemed 
excessive aid were forced to make ad hoc adjustments to the freezing levels 
to obtain reasonable results. The open Issues are: 

a. The effect of partial beam filling 

b. Typical non-precipitating cloud liquid content and temperature 

c. The use of multiple frequencies to address model uncertainties 
Rain Over Land 


The large and variabl'* emlsslvlty of land surfaces makes microwave measurement 
of rain rate over land much more difficult. However, rainfall estimates may 
be derived over land from 37 GHz measurements obtained at both polarizations. 
Besides rainfall rate, the measured brightness temperatures depend significantly 
on soil moisture, surface temperature, height and horizontal distribution of the 
hydrometeor column and the distributing non-preclpltating water. Rogers £t al. 
(1979), Hall ^ al. (1980) and Weinman and Guetter (1977) showed that both 
water on the ground and precipitation have low brightness temperatures; however, 
the brightness temperature emerging from wet ground is polarized, whereas that 
from precipitation is unpolarized. Further discrimination has been achieved by 
utilizing colocated infrared Images to identify cold high clouds so that wet 
surfaces are nor erroneously classified as rain. Radiative transfer theory 
suggests that the brightness temperature at 37 GHz becomes insensitive to changes 
in rainfall rate once rainfall rates exceed 8 osn/hr. Regions where rainfall is 
heavy can be identified, but quantitative inferences are difficult to make. Hall 
et al. (1980) attempted to overcome this limitation by empirically incorporating 
Infrared cloud cop brightness temperatures in his rainfall algorithm to estimate 
heavy rainfall. 

Besides the problems posed by satellite remote sensing techniques, reliable 
quantitative radar data was difficult to obtain at the time chat data from 
Nlmbus-6 was obtained. Nimbus-7 should provide data of comparable quality, 
but the quality of racar data that NOAA can provide should now be considerably 
better. It should be i>orne in mind that a valid test of the efficacy of 
microwave radiometric measurements requires that the limited number of Nimbus 
overflights must coincide with the occurrence of rainfall in an area that is 
monitored by a calibrated digital radar. The coincidence of these events has 
limited the opportunities to test rainfall measuring algorithms in Che past. 

In ail atCecipt to expand Che tempting successes at 37 GHz, higher frequency 
measurements (92, 183 GHz) have been made from aircraft platforms. Here a 
basic qualitative difference has been noted. In convective precipitation 
extremely low (<150*K) brightness temperatures have been noted which can 
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be accounted for In the radiative transfer models by the frozen hydrometeors 
above the 0*C Isotherm. The observations near the strong water vapor line 
at 183 GHz also give Information as to the height of the frozen hydrometeors 
and have Indicated heights of at least 9 Km. On the basis of these observa- 
tions, the 85 GHz channel on the microwave Imager which Is to be launched 
In 1984 ou the OMSP satellite should provide excellent maps of convective 
rainfall. 
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1. INTRODUCTION 

For practical realization of new Information 
on precipitation during this decade. satellite 
observing systems must be coupled Into surface- 
based observations and computer models of weather 
systems as they develop. Objections of the pre- 
cipitation estimation methods vary from local 
scale applications related to fl and agricul- 
ture; to problems of tne cllmatol^ of latent 
heat release In the . Lnosphere ovr the oceans. 

In all cases methods ir% available to combine 
the satelllte/surface-b/^sed/model capabilities. 
This paper outlines and proposes several such 
Precipitation Estimation Pilot Studies (PEPS). 

The combined methods provide opportunity for 
nearterm data sets needed for climate research 
and weather forecasting (COSPAA. I960). 

Challenges In the Implementation of combined 
methods arc analogous to those encountered In 
the assimilation of remote temperature soundings 
from satellites with conventional rawinsondes. 
Namely, '^smart'* analysis methods are required. 
These are often optimized when **gu1ded" by pre- 
exlstlno climatologies or by psar-realtlme 
physical model output. 

Of course, combined methods of precipitation 
estimation do not circumvent the need fur thor- 
ough sampling studies and well calibrated Instru- 
mentation. These key topics are addressed by 
other papers In the workshop. Our paper does 
emphasize the use of satellite measurements In 
the 19B0's to determine precipitation frequencies 
(see Kidder, 1961, this workshop) rather than 
rates or amounts. Given the >requencies from 
the satellites we rely oi the ground-based and/or 
models to ascribe rates and thus estimate 
amounts of precipitation. 

2. PHYSICAL UNDERSTANDING OF PRECIPE "ATION 

ESTIMATION AT THE LOCAL SCALE 

Kidder and Vender Haar (1976), Scherer and 
Hudlow (1971) and others began case study of 
combined satellite visible. Infrared, and passive 
microwave measurements from satellites with 
weather radar data In the early 1970's as the 
satellite Jata becaiMe available. Using data 


over the tropical oceans from the 1974 GATE ex- 
periment Smith and Kidder (1978) studied the Im- 
provement of precipitation estimation by use of 
concurrent Infrared measurements to correct for 
microwave fleld-of-vlew "smearing". They used 
5 cm ship radar estimates of precipitation as 
"truth". A sequence of their results are shown 
In Figures 1 to 4. 


oB sa fm mML PunKiMS 



Figure 1. Dep!ctl n of first trispectral study of 
satellite data and ship radar data from the GATE. 
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Figure 2. Display of co-located 0.5um, llym, 
1.55 cm satellite data and 5 cm radar using the 
C.S.U, man-computer- interactive ADVISAR system. 


MULTI -SPECTRAL DIAGNOSIS OF PRECIPITATING REGK5N 


SHORTm/E / LONQVHAVE 
FOV'S 



Rogers et al. (1979), Durkee (1980) and others 
pave addressed tFe complexities of use of passive 
microwave measurements from satellites over land. 
During the 1980^s visible and Infrared radiance 
measurements from satellites (especially the geo- 
stationary) will continue to be the most connon 
satellite data set. Reynolds and Smith (1979) 
pioneered the quantitative computer combination 
of high time frequency concurrent satellite and 
radar data sets. Figures 5 to 7 display examples 
of such satel11t?/radar combinations during a 
local scale storm system In western Kansas. 



Figure 5, Digital GOES Image of severe convective 
storm over Western Kansas (Reynolds, private 
connunl cation) . 


Figure 3. The microwave FOV problem and a solution.. 


RAIN RATE DISTRIBUTIONS (842 FOVS) 



RAINFALL RATE (mm/h) 

(VALUES M PARENTHESIS ARE TOTAL INTEGRATED RAINFALL) 


Figure 4. Results of the FOV correction pre- 
sented by Kidder and Smith (1978). 



Figure 6. Superimposed digital radar and GOES 
data noted In Figure 5 Illustrating the combined 
radar/satellite approach for precipitation 
estimation. 


r 


c 



D-177 


t 






Figure 7« A second image following Figure 6 in 
time to illustrate the time-dependent capability 
of the method. 

Physical interpretatior of the satellite data 
for precipitation purposes is presently under 
study at C.S.U. Sophisticated radiative transfer 
models are coupled with a 2-D cloud model [Hall, 
(1980)] In order to better interpret the remote 
measurements from the satellites. Smith et 
(1981) describe the simulated radiances tHat would 
be measured by a satellite viewing precipitating 
clouds having certain physical characteristics 
and rates of change. Figures 8 and 9 from this 
study describe the spectral reflectance (near 
visible wavelengths) and spectral emittance 
(wavelengths in the microwave) from clouds simu- 
lated as in Figures 10 to 12. 



Figure 8. Spectral reflectance of monomodal and 
bimodal droplet distributions to simulate satel- 
lite measurements (after Smith et . 1980). 
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Figure 9. Equivalent black-body temperatures at 
1.55 cm as would be viewed from a satellite; based 
on cloud model and radiative transfer model calcu- 
lations. 
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Figure 10, Cloud dropl:t concentration (per cm^) 
at t « 1900 sec produc i from the Hall 2-0 cloud 
model , 
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Figure H. Relative humidity vs. height from the 
Hall cloud model. 
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Figure 12. Example of the cloud moders time- 
dependent dropsize distribution. 


The next step in a combined estimation method 
is to incorporate the surface based ra ingauge net- 
works into the techniques. Figure 13 displays the 
density of such ground data over a typical agri- 
cultural area. In certain cases, for research or 
special local needs, a very high spatial resolu- 
tion network is available. Figure 14 displays in- 
frared satellite measurements of major convective 
storms over the 1979 Texas HIPLEX "mesonet". At 
this small scale the combined use of satellite 
and surface data is apparent. We use gauges lo- 
cated at designated points to determine localized 
rain rate and satellite data to ascribe these rates 
to a specific area. 



Figure 13. Existing distribution of surface rain- 
gauges over U.S. cornbclt. All could report hourly 
or more frequently via satellite data collection 
platforms. This illustrates the potential of com- 
bined satellite/surface site precipitation deter- 
mination methods. 



Figure 14. Digital Image of concurrent GOES infra- 
red data and surface mesonet stations with isohyets 
of precipitation during merging storm situation 
(after Reynolds). 
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Of Special note in the case of this Texas 
mesonet is that the surface gauges report their 
data in near-realtime via satellite. These satel- 
lite Data Collection Platforms are shown in 
Figures 15 to 18. At Colorado State University 
a small satellite earthstation receives both the 
satellite imagery and OCP data (from more than 
100 stations). This important breakthrough in- 
sures practical near-realtime processing of com- 
bined system data into the precipitation estimates. 
The central U.S. rairigauge network discussed in 
Figure 13 is a candidate for data collection via 
sate! 1 ite. 





Figure 15. One of the satellite data collection 
platforms of the Water and’ Power Resources Service. 



Figure 16. Close-up of the WPRS solar cells and 
satellite transmitter antenna. 



Figure 17. The C.S.U. earthstation. 
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Figure 18. Display of DCP weather data after 
reception via satellite at C.S.U. satellite 
earthstation, 

In summary, the "smart" or optimum precipita- 
tion estimation method at the local scale during 
the 1980's should include multi -spectral satellite 
measurements combined with surface gauge networks 
and radar where available. Radar data and computer 
models of clouds can guide the Interpretation of 
the remotely sensed, yet spatially contiguous, 
satellite data as well as the "In situ" point data 
from the ra Ingauges. 

3. CLIMATOLOGICAL ESTIMATES OF PRECIPITATION OVER 

LARGER REGIONS 

The U.S. Climate Program (1900) and the World 
Climate Research Program express strong require- 
ments for the monthly, seasonal and annual averages 
and variances of precipitation over land and ocean. 
These provide estimates of Important diabatic heat- 
ing processes 1n the atmosphere. Interannual vari- 
ability Information Is the primary goal. Thus, 
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Stable estimates over 10-20 years with high 
relative accuracy are required. 

Before considering combined satellite/surface/ 
model system contributions to those objectives 
it is useful to review the state-of-the-art of 
the non-satellite precipitation estimates. 

Figure 19 and Table 1 from Reed and Elliott 
(1979) and Dorman and Bourke (1980) are repre- 
sentative of the ocean case. For climate pur- 
poses their mean annual and seasonal results 
are useful over those oceans where a modest 
sample of ship and small Island data are avail- 
able. Their method uses only precipitation fre- 
quency values from these surface data sets and 
ascribes a rate assumed to represent the region 
and season to determine the average amount of 
precipitation. 


ON THE ANNUAL and SEASONAL DISTRIBUTION 
OF OCEANIC PRECIPITATION 

Reed anu Elliott ( 1979 , >L Geqphys. Rfs.) 


Weather Exper ment. An International Satellite 
Cloud Climatology Program ( ISCCP)(1981 ) under the 
WCRP will be underway using these satellites and 
will preprocess the vast amounts of data (>5 x 10® 
BPS) they transmit. This will provide an excellent 
opportunity for the pilot studies on precipitation 
estimation proposed in the conclusion to this 
paper. 

Over land the reader is referred to the various 
atlases and tabulations of precipitation cotnnonly 
available. Note that the U.S. network displayed 
in Figure 13 is the most dense raingauge network 
deployed over any large land region. Thus^ again 
a combined satellite/ surface systems for precipi- 
tation estimation is required (see also papers 
by Barrett and Ramage in this workshop). 

In suwnary, the improved precipitation esti- 
mates over land and ocean can be obtained from 
a combination of satell .te precipitation frequen- 
cies [Kidder and Vonder Haar (1977)] with the 
"ship-plus'* or "land-gauge-plus’* methods. Examples 
of the individual maps are shown in Figure 20^ 

Their combination by a "smart" method can provide 
an excellent mean and variance data set for 
climate models and diagnostics. 


"random error in these data MAY AP- 

PROACH +I0Z FOR MIDLATITUDES WITH A 
GREATER UNCERTAINTY IN TROPICAL REGIONS 
SYSTEMATIC BIAS HAS BEEN ELIMI- 
NATED* 
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Figure 19, The state-of-the-art of non-satellite 
precipitation estimation methods over the ocean. 
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Obviously, over the oceans satellite esti- 
mates of frequency alone can play a very signi- 
ficant role when combi ned with the surface data. 
This would allow all world oceans to be observed 
each season in coriirast to the present non- 
satell^te situation which yields only seasonal 
averages for northern oceans . 

It should be noted that in the mid-1980*s 
the earth will be girdled once again with a net- 
work of 5 geostationary satellites, as was the 
case for the first time during the 1979 Global 
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Figure 20, Comparison of quasl-global estimates 
of precipitation frequency from a satellite and 
ship data and precipitation amount from non- 
satellite sources, illustrating the potential of 
combination of the existing methods. 

4. SPECIAL USE OF FORECAST MODEL OUTPUT 

The climatology of specific forecast variables 
output by high resolution primitive equation fore- 
cast models should be examined as potential con- 
tribution to a combined precipitation estimation 
technique. The grid mesh (potential data set) 
of the U.S. LFM is superimposed in an infrared 
satellite Image sequence In Figures 21 to 23. 

This illustrates the density of potential data. 

A Quantative Precipitation Forecast (QPF) is 
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produced by this model every 6 hours. Do these 
data compose a valuable Input to precipitation 
climatologies when aggregated on a daily, weekly 
or seasonal basis? Can they be adjusted for 
model bias? 



Figure 21. Digital display of the LFM grldmesh 
on a goes Infrared Imaoe (after Buss and Laybe, 
personal comnunlcatlon) , illustrating the poten- 
tial of combined satellite and numerical model 
output for precipitation estimation. 



Figure 22. A computer zoom of Figure 21 Illus- 
trating the potential satellite/weather model 
method at the local scale. 



Figure 23. Another zoom of Figure 21. 


5. SUMMARY 

Optimum analaysis methods are needed to com- 
bine satellite, surface and model data into the 
Improved estimates of precipitation needed In the 
1980‘s. Such combined systems provide the besf 
opportunity for nearterm Improvements beyond pre- 
sent methods described In this workshop. At 
local scales satellite, digital radar and gauge 
mesonet values might be combined optimally using 
a computer-man- Interactive approach. The man may 
be guided by a 2-D cloud model output during the 
interactive process to overcome the Inherent 
physical variabilities and cloud conditions en- 
countered. 

For practical processing of the combined 
system data, rain gauges on land (and perhaps ship 
reports) should be transmitted via present-day 
satellite Data Collection Systems. 

The potential use of relatively high resolu- 
tion model forecasts of quantitative precipita- 
tion should be explored as an addition to the 
combined system for all scales greater than the 
local area hourly, 

Two Precipitation Estimation Pilot Studies 
(PEPS) Should be Initiated under the HyB^ro/Agro 
and National Climate Program auspices to define, 
develop and test the new methods of precipitation 
estimation using combined spaceborne and conven- 
tional data sets. One study at the local scale 
and one at the regional climate scale snould 
define the concept of subdivision of the problem 
into those situations encountered over specific 
regions of the world (2<n<10). For both the 
nearterm and longterm the best combination of data 
sets to estimate precipitation over each distinct 
region should be selected and demonstration ex- 
periments developed. 
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COMBINING VISIBLE AND INFRARED TECHNIQUES WITH LAMMR FOR 
DAILY RAINFALL ESTIMATES 


Shaun Love joy 

Stormy Weather Group, McGill University, Montreal, Canada 


1 . INTRODUCTION 

The production of rainfall maps from satellite 
Imagery would have a significant impact on many 
branches of meteorology, climatology and hydrology. 
To be successful, a remote sensing device would 
have to have both high spatial and temporal res- 
olution in order to be coflwensurate with the 
extraordinary variabiliry of rainfall. An obvious 
candidate for such a device, is the geostationary 
visible and IR satellite system (GOES, Meteosat, 
for example), which have high temporal spatial 
resolution (30 m1n,^l km respectively). Because 
these wavelengths chiefly respond to cloud drops, 
rather than rain drops, inferring rain amounts is 
an indirect process, primarily skillful in deter- 
mining rain areas rather than rates. Consider- 
able interest has therefore been shown in altern- 
ative rain-estimating techniques which respond 
directly to rain drops, such as the microwave 
radiometers presently flying on NIMBUS 7. 

However, as discussed in detail elsewhere (Lovejoy 
and Austin (1980)), and in outline in the first 
part of this paper, existing radiometers have 
neither adequate temporal nor spatial resolution. 
Furthermore, they are inherently incapable of 
measuring the effective rainlayer height, with- 
out which no direct rain estimates are possible. 

In order to overcome the limitations of both 
IR/visible and microwave radiometer-based tech- 
niques, we therefore suggest a 'hybrid* scheme 
whose accuracy is Investigated using radar-based 
simulations. Such a scheme could potentially 
combine the high temporal resolution of the 
vis/IR imagery with the anticipated rain rate 
estimating ability of the next generation of 
satellite-borne microwave radiometers. A solution 
to the problem of estimating the effective rain 
layer height is an Important unsolved problem, 
not addressed here. 

2. HISTORICAL REVIEW 

Ever since the launch of a four-channel microwave 
radiometer on Cosmos-243 in 1968, a research goal 
has been the determination of surface rainfall 
rates from satellite-determined microwave bright- 
ness temperatures. While investigating micro- 
wave determination of integrated liquid water, 

Akvi Ionova et al (1971) reported that regions 
with high values of this parameter were "regions 
likely to produce precipitation”. However, 
following an extensive ground-based measuring 
program Investigating the variability of the 
effective rain-layer height (Gorelik and Kalash- 
nikov (1971), rain attenuation coefficient 
(Gorelik et al (1971a)), Integrated cloud water 
content (Gorelik et al (1971b)), humidity (Gore- 


lik et al (1971c)), etc., the Russians concluded 
that the accuracy of radiometer estimates of 
rainfall rate were low ( 44-70X depending on the 
wavelength; Basharinov et al (1970)). They 
further concluded that using multiple wavelengths 
would not increase accuracy significantly (Kalash- 
nikov and Frolov (1971)). 

In the United States, rainfall rates were sought 
directly. Allison et al (1974) used an ESMR 
(Electrically Scanning Microwave Radiometer) 
launched on Nimbus 5 in 1972 to determine rainfall 
rates in the following categories; 2 mm/hr, 

2-7 m/hr, 7 m/hr, using a cloud model. Wilheit 
et al (1977) used a more complicated model (with 
negligible cloud) to produce a 1:1 relationship 
between microwave brightness, temperature and 
rainfall rate and obtained agreement to within 
llOOt for rainfall in the range 1-25 nin/hr when 
comparing averaged radar data for four satellite 
passes. Smith and Kidder (1976) tried to improve 
the Wilheit et al (1977) technique by Field of 
View (FOV) characterization. Recently Viezee et 
al (1979) have assumed the more modest task of 
correlating area- and time-averaged vertically- 
integrated cloud-wator content with subsequent 
rainfall. Here the vertically-integrated cloud- 
water content was determined by assuming^ no rain 
and ignoring the ice phase. Another indirect 
approach is that of Rodgers et al (1979) who use 
a 2-0 pattem-rnatchinj technique to distinguish 
rain areas from wet and dry soil. This paper 
attempts to evaluate and compare these diverse 
approaches to the problem of rainfall estimation 
frtim microwave radiomiters. 

3. BRIGHTNESS TEMPERATURE AND RAINFALL RATE 

3.1 Theoretical considerations 

Following the standard method of solution of the 
radiative transfer equation (see Stepenc^^ko (1968a), 
for example), we may deduce the following: 

a) the satellite brightness temperature is extremely 
sensitive to the surface reflection coefficient 
(which Is reliably known only over the ocean), 

b) to a good approximation, the temperature depends 
on the integrated path attenuation (x) and not on 
the distribution of attenuating substance along the 
path. For the atmosphere, Is made up of four 
components: ozone, water vapor, cloud water, rain 
water. Oce is essentially transparent at wave- 
lengths In the microwave 'window' 0.8<XC0 cm.) 

Of these four, ozone can be subtracted because 
of its small value and smill variability. The 
water vapor contribution can similarly be removed 
either using climatology or other microwave or IR 
channels (Smith and Howell (1971)). The result- 
ing attenuation which is due to rain and cloud only 
may be written 


D-184 



or!g:i\al page fs 

OF POOR QUALITY 


b 

^ - a R h k Q 

\i#h«re h is the thickness of the raining layer, 

Q is the total integrated cloud water content, 

R is the rainfall rate, k is the mean cloud 
attenuation coefficient (as a function of wave- 
length) and a , b are rain attenuation para- 
meters (Olsen et al (1978). Atlas and Ulbrich 
(1977), for examplcji Since b is virtually 
constant for the wavelengths in our microwave 
'window' (and is very dependent on the arop 

part of the drop-size distribution), it is clear 
that no quantity of microwave channels can sep- 
arate the rain-layer height and rain rate com- 
ponents especially since experimentally there is 
an RMS error In of about 1 30% (Crane (1971)) 
and Gorelik et al (1971d)). Other channels, 

I.e., IR or visible, suffer from severe scatter- 
ing with the result that only the top part of the 
cloud can be sensed (Reynolds et al (1976, 1973) 
and Bunting (1978)). Scattering, and thus cloud 
geometry. Is also an Important complication for 
microwave wavelengths smaller than 0.8 cm. 

In particular. It Is expected that radiances from 
the 85 GHz channel (0.35 cm) will be very sensitive 
to the detailed structure of the raining region. 

For example, according to figures In Shifrin and 
Chernyak (l968) at 3 mm/hr the mean free path 
for scattering Is 57, 5.3, 1.0 km for wavelengths 
of 1.6, 0.8, 0.4 cm respecti vely. This should 
be compared with the distance through the rain 
layer at a 50® viewing angle, which at 3 mm/hr 
is 6.3 km in GATE (taking h ■ 4.0 km from Table 
2). Therefore at 0.4 cm we can not Ignore the 
detailed structure of tKe raining region. 

It Is worth briefly mentioning the question of 
the polarization of the emitt^ radiation. If 
we Ignore the tiny anisotropy due to the ellipti- 
cal deformation of falling rain drops, then 


clearly the absorption and emission processes 
taking place in the rain layer are indifferent 
to polarization. In such a case, polarization 
data will yield information only on surface 
polarization (i.e., land or calm water) but no 
Independent information on the rain layer. In 
this paper we therefore ignore the polarization 
question since It can yield rainfall Information 
only as a second order effect, I.e., when scatter- 
ing Is important. Furthermore, Weinman and 
Guettcr (1978) have shovm that even when 
scattering is Important that It produces polariza- 
tion effects of only 1-2%, even at high rain rates. 
Discussion of polarization beyond the question 
of measuring surface properties is therefore mis- 
leading. 

3.2 Models 

With the exception of the Wllheit et al (1977) 
model, all observations and models have cloud 
attenuations comparable with rain attenuations, 
although there Is virtually no actual data 
during precipitation (see, however, Gorelik and 
Kalashnikov (1971)). To evaluate the models, 
we used GATE radar data to determine the rain- 
layer heights ard variabilities (Table 1), add- 
ing in the best published values for the rain 
attenuation coefficient and Its variability, as 
well as best values for cloud components and 
average GATE Phase III sounding data for the 
water vapour contribution (Table 2). The 
result Is compared with the Wllheit et al (1977) 
model and the Kalashnikov and Frolov (1971) 
model In Fig. 1. Both of these models substant- 
ially over-estimate the rain-layer thickness and 
the Wllheit et al (1977) model severely under- 
estimates the cloud contribution. Also visible 
In Fig. 1 are best estimates of the variabilities 
at a level of 1 standard deviation. We conclude 
(Table 2) that microwave radloeieter-based esti- 
mates of Instantaneous rainfall rates have an RMS 
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error of ±70%, which agrees well with the Bash- 
arinov et al (1970) experimental values (±44-t70%). 

We have not plotted our rain rate against micro- 
wave brightness temperature, since the latter 
depends on a variety of subsidiary mode! conditions 
such as surface emissibil i ties and atmospheric 
temperatures and lapse rates, and for large rain 
rates, where scattering is important»on the details 
of the rain cell geometry. Uncertainties in all 
of these independent parameters can only increase 
the error in an operational scheme predicated on 
the conversion of a microwave brightness tempera- 
ture into a rain rate. If a temperature Is 
required, approximately ±10% accuracy can be 
achieved by using the attenuations in Fig. 1 in 
the following formula (if scattering is unimport- 
ant, i .e. dB. 

T, « T, v( t - e T, ff- 

where T. is the microwave brightness temperature, 

T is the average atmospheric temperature of the 
ellftting layer, the surface temperature, R is 
the surface reflection coefficient (approx 0.6 
for w:<ter at 1.55) and ^ the net attenuation in 
the viewing direction. 

4. The effect of low radiometer spatial and 
temporal resolution 

The variability of R for a given ^ , discussed in 
the previous section, was computed over an area 
about as s;nall as radar resolution permits, i.e., 
km2. Although such variation is substantial 
It may be hoped that averaging cloud water content 
and effective rain layer height over larger areas 
would yield a large reduction In the variation of 
these quantities about their long term means. To 
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fig. 1: attenuation (t ) as a ^unction 

of rain rate (R) with estimated one 
standard deviation error bars. 


get a feel for the variability of these parameters, 
readers should examine the example shown In Fig. 2 
calculated from radar data on day 251 of GATE. 

This figure shows the surface rain rate map 

(Fig. 2a), the effective rain layer height (Fig. 2b) 
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and the echo to? height (Fig. 2c), the latter 
being a measure of the cloud vertical extent. 

There is so much structure In each of these that 
an assumption of constancy In any of these para- 
reters - even averaged of large areas - would 
not seem to be adequate. 

In considering the effect of the rain structure 
on various radiometer FOV's, two rather different 
effects must be considered. The first Is that 
referred to above, where the microwave temperature 
field Is averaged over cloud and rain areas, an 
effect which smooths variations In cloud amount 
and rain layer height. The other effect, of 
greatest Importance In the present generation of 
microwave radiometers, e.g., the Scanning Multi- 
channel Microwave Radiometer (Sf^R onNIMSUS /] is 
that of incomplete coverage of FOV by rain. For 
exar.,^lc, In GATE Phase III. we found that for 
FOV's of 20x44 km which Is the best resolution 
currently available (at 0.81 ), that only 37% 

had some rain, and of these, on average, 
only 29% of their area was covered by rain. In 
comparison, the next generation of satellite-home 
microwave radiometer, LAMMR, Is expected to have 
an FOV of 7x14 km at 0.81 cm. We therefore 
expect the effect of Incomplete FOV coverage to 
be relatively unimportant compared to that of 
Intrinsic rain layer height and cloud amount 
variations. 

In order to verify this conjecture, we simulated 
both SHIR and LAMMR performance using GATE radar 
data. 

<.:a S.riR simulation 

In this case. It appeared that the key sourcs of 
error In rain estimates would be the variation of 
fractional FOV coverage of emitting substance 
other than background known as tN "duty factor" 
(Stepanenko (1988b)). We therefore Ignored 
variations In effective rain layer height and 
cloud amounts, and directly appH su the Wllhelt 
et al (1977) raln-rate/brightness temperature 
relationship for a 4-km freezing layer. The 
simulation was made by using this relationship 
to convert 4x4 km radar PPI scans Into brightness 
temperature fields, and then Integrating these 
over the radiometer antenna beam pattern down to 
a 6 dB level. 

We were thus able to evaluate the accuracy of the 
"direct" technique (assuming uniform rain over 
the entire FOV) as well as that of "FOV" technique 
(which assumes rain only over the fraction 
actually raining). This latter technique was 
suggested by Smith and Kidder (1978), and could 
only be practical If some Independent "FOV 
characterization" or determination of K. was 
possible.. 

Using random number generators, we could simulate 
antenne noise and duty factor errors. Statistics 
giving the results are shown In Table 3 after 
empirical removal of bias (over X%) resulting 
from non-uniform rain. Advantages of this method 
are the enormous data base available (in our 
study we used 30,000 dau points) as well as the 
absence of navigation and eallbratlon problems 
(since the radar data 'verified* the simulation). 
We concluded that for Indlvl^l FOV's, errors 
ofnwi200% result, with scant Improvement with 
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Many researchers who have worked with SHIR data 
find these errors very high In view of the fact 
that the observed brightness temperatures show 
considerable spatial homogeneity and even con- 
tinuity between satellite passes 12 hours apart. 

On closer examination, th1> situation Is not as 
paradoxical as It seems; the primary character- 
istic of convective rainfall Is precisely Its 
fantastic temporal and spatial variability, and 
thus any measuring device whose response Is not 
highly variable Is unlikely to be an accurate 
estimator of rainfall . 

8.2b LAHW simulation 

It was anticipated that the partial FOV coverage 
problem would be largely overcome by t.he Im- 
proved LAMMR resolution. We therefore included 
the cloud and rain layer height variations In 
the LAMMR simulation since these *^re llkelv to 
be the principle causes of error If LAMMR is used 
for rainfall estimates. 

To make *^^e simulation, we made the following 
assumptions: 1) an 8x8 km FOV, 11) a 1.5S cm 

wavelength, 111) a SO^^ viewing angle. The other 
wavelengths were Included only Implicitly by 
assuming that they could accurately estimate the 
total cloud and humidity attenuations. As the 
detailed discussion In Lovejoy and Austin (1980) 
Indicates, such a determination Is theoreticil ly 
possible, although should be quite difficult In 
practice due primarily to the difficulty In 
accurately measuring the effective cloud tempera- 
ture. Neither did we take Into explicit account 
the polarization of the radiances, since we only 
considered the rase of emission over an ocean 
surface where the surface emissivlty is well 
known, and Is nearly constant. 

To perform the simulation, we used 4x4 km resolu- 
tion radar data of the types shown In Figs. 2a, 
b, c: 1 km CAPPl'i, effective rain layer height 

maps, and echo top height maps. These were con- 
verted to 4x4 km attenuation fields by assuming 
a rioud density of 0.3 kg/m2 extending from th^ 
echo top down to 1 km above the ground, and a 
humidity prod It varying from k)% at ground 
to 100% at the echo top. The 4x4 km attenuation 
field was converted to an 8x8 km field by average 
Ing the resulting microwave temperature arid con- 
verting the average temperature back into attenua- 
tion. The relationship used was the simple Iso- 
thermal - no scattering model, fairly appropriate 
for this case. The resulting rain rate-attenuation 
lelatlonship Is graphed In FIg.J with 1 standard 
deviation error bars. For a given rain rate, the 
attenuation error Is about t 3S% for R<$ m/hr, 
and for a given attenuation, the resulting error 
In R Is about X70%. For the slightly different 
model used to construct Taole 2 on a 1x1 km scale 
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the corresponding values are±30S,i70S. This 
Indicates that the LAMMR antenna size does not 
significantly contribute to the error In a single 
FOV. The limiting error Is the rain layer height 
variability, which is abouttSO* at a 1x1 km scale 
It should be stressed that this 1$ the accuracy 
asswting that data of the type shown In Flg,i is 
available - I.e., assuming some source of calibra- 
tion such as a radar or raingage. 


As a very minimum - even If direct rainfall ground 
tiuth Is not available - some estimate of the 
effective rain layer height Is required. As dis- 
cussed earlier, such estimates cannot be supplied 
by any known remote sensing technique other than 
radar. 


For estimates of the accuracy of the LAMMR over a 
lar^e area (here 40t000 knr), we need to Investi- 
gate the spatial variability of the effective 
rain layer height. In our sample of 21 GATE, 

^ase III 3-0 radar scans, we determined h ■ 3.50 
-.52, 1.e.,«»Il5X. There was no apparent diurnal 
variation although this Is a small sample to estl- 
mate such a variation. This variation represents 
a much smaller variation than the 1x1 kmteOt varia- 
tion and also shows that h shows little systematic 
variation as a function of time. Hiese conclusions 
are not surprising since h Is a measure of the 
average rainfall rate gradient, not the rainfall 
rate Itself. To estimate the LAHiH accuracy over 
a FPI, we assumed h • 3.50 km. and the cloud 
h€lght * mean echo top • 5.32 km. These assump* 
tions lead to an RMS error of t28X for the LAWR 
rain estinsate over a 40,000 km^ area. This my 
decrease to^^iZOX for 105 km2. Since h appar- 
ently varies randomly about the mean, we may ex- 
pect LAMMR estimates to quickly approach the 
correct value when they are accumulated over 
successive satellite passes - providing that the 
average effective rain layer height is known. 

<•3 Temporal resolution 

In the present and in the foreseeable future, 
satellite-borne microwave radiometers will have 


sun-synchronous orbits. The geometry is such that 
^or the regions between ±60® latitude, the sat- 
ellite covers 25t of the region twice a day, 50% 
once a day- and the remainder not at all. This 
low sampling rate raises two separate questions. 
The first is the accuracy of daily rainfall 
amount estimates if only one or two instantaneous 
rainfall rate estimates are available. The second 
problem 1$ that of estimating seasonal or climato- 
logical rainfall (e.g., Rao et al (1976)). In 
this case, the chief problem is that of the di- 
urnal variation in rain rate and the fact that 
sun-synchronous satellites always pass a given 
point at the same (local) time of day. The size 
of the bias in climatological rain rates from 
this source was found to be approximately a factor 
3 in GATE Phase III. Frank (1979) found a varia- 
tion of approximately factor 1.5 for the entire 
GATE experiment, indicating that averaging even' 
over fairly long time periods (approx. 3 months) 
will not remove this effect. Furthermore, we 
may expect the diurnal variation to be a function 
of geographical location as well as season. 
Probably the most pertinent data on this effect 
1$ to be found in Jordan (1980). who used ship 
reports to investigate oceanic rainfall off the 
west coast of Africa, for four regions. For all 
regions, all seasons, he obtained an average di- 
urnal variation factor of 1.7. For a given 
season, however, variations between 1.3 and 4.4 
were found depending on the location and for a 
given location variation with season was of 
similar magnitude. These results unambiguously 
indicate that the diurnal variation is not on.’y 
large, but also vaHable in time and space. 

The size of the diurnal variation in rainfall 
suggests that a once or twice daily rainfall rate 
estimate will give little idea of total rainfall 
during a 12- or 24-hour period. This suspicion 
was verified by comparing 12-hour acc)pjlat1ons 
of rainfall over approximately 10^ km^ with that 
estimated by assuming a constant rain rate for 
12 hours: average accuracies of approx. ± 300% 
were found, depending somewhat on the time of 
day of the satellite pass. 

5. COMBINING LAMMR WITH VIS/IR TECHNIQUES 

In order to overcome the problem of low sampling 
rate, either many (perhaps 10) LAMMR 's will be 
required or some other high tenporal resolution 
data source must be used as a supplement. Here 
we propose that the visible/IR data available 
every half hour from the GOES satellites Is an 
attractive possibility. First, because a variety 
of v1$1ble/IR rain estimating schemes already 
exist (Griffith et al (1978), Stout et al (1979, 
Lovejoy and Austin (1979a) and Bel Ion et al 
(1980)), and second, because as argued in lovejoy 
and Austin (1979b) they require for calibration the 
mean rain rate for raining areas, a number which 
the LAMMR could supply every 12 or 24 hours. 

In order to see if the idea is worth pursuing, we 
first calculated the diurnal variation in the mean 
rain rate for raining areas (averaged over 10^ kmfl 
For 12, 24 hours, the variation about the mean was 
t il4S respectively. In other words, almost 
all of the diurnal variation In rainfall was 
accounted for In the diurnal variation in raining 
areas. In Lovejoy and Austin (1979a) errors of 
4wt25X were obtained for estimates of rain areas 
from vIs/IR data for regions/vlO® km* for single 
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vis/IR Image pairs (at night time, with IR data 
only, errors of a/ 17055 were obtained). If ram 
areas were estimated every half hour and accumu- 
lated for 12 or 24 hours fairly accurate total 
area estimates should be obtained. These accumu- 
lated areas could then be used to estimate rain 
accumulations by multiplying by a mean rain rate 
for raining areas. 

In outline, a LAMMR-vis/IR hybrid scheme might 
work as follows: the LAMMR would estimate the 

mean rain rate for raining areas at every pass 
and the vis/IR data the total rain areas. The 
final step in estimating rain amounts could be to 
combine the two pieces of information in the 
optimum manner. If neither datum had errors, and 
the mean rain rate for raining areas did not vary 
in time then rain amounts could be obtained by 
simply multiplying the mean rain rate for raining 
areas with the total area. However, the mean rain 
rate for raining areas does fluctuate around the 
long term mean on a time scale of several days. 
Furthermore, the LAMMR rain rate estimate will be 
in error by an amountA^i20% due to the variation 
of the effective rain layer height about its long 
term average. The error in total rain areas is 
expected to be smal ’cr than this because of the 
very high temporal resolution of the GOES data, 
although this point needs further investigation. 
Using the fact that both the long term mean rain- 
fall rate for raining areas, and the mean effect- 
ive rain layer height appear to be well defined 
{i.e., no systematic variation was observed over 
GATE Phase III) we applied the following auto- 
regressive order 1 model to estimate the optimum 
rain rate for raining areas for the next 12 hour 
period (Ri): 


Ri * (R. - '^ja + IT 

* V 

where IT is the long term (in this case, 20 day) 
mean rain rate, and R is the last LAMMR rain 
rate estimate, 'a' 15 a constant chosen to mini- 
mize the error in R,. When a ■ 0, we obtain an 
RMS error of ^285t, I.e., we use only the long 
term average rain rate. When a ■ 1, we obtain an 
RMS error of 140%, I.e., when only the most recent 
LAWR rain rate is used. The optimum 'a' was ^.3 
which resulted in RMS errors of t 24%. Since 
this puts a small weight on the most recent LAMMR 
rain rate, we expect little increase in this error 
if a random 120% rain * ste error is added to R 
as we would expect in an operational scheme. 
Indeed, computer simulations of this procedure 
yield an RMS error of 1 25% when such an error is 
added. Since this figure holds for a 40,000 km^ 
area, it is likely to be reduced to 120% for an 
area of 10^ km^. This is probably a good 
estimate of the error of rain accumulation esti- 
mates since it is expected that the total rain 
areas will be ertimated considerably more accur- 
ately than this. Since these estimates are 
likely to be Independent they ought to add as 
a sum of squares, and therefore result in total 
errors of the same order. It should be remembered 
that these figures correspond to areas of approx 
IQ5 km2 and that the method is entirely dependent 
on the assumption that the long term average 
effective rain layer height is known A con- 
sequence of this fact is that the accuracy of, 
for example, monthly rainfall will be limited 
not by the random errors discussed here, but by 
biases introduced from insufficient knowledge 
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of the ram layer height. Since virtually nothing 
IS known about' the relationship of the ram layer 
height to other meteorological parameters (such 
as the freezing level), or of its variations 
with season and location, it is clearly premature 
to expect LAMMR to be the most practical method 
of obtaining rain amounts by remote means. For 
example, it may ultimately prove simpler and more 
accurate to calibrate the vis/IR techniques dir- 
ectly from a sparse rain gage network, rather 
than via LAMMR. 


6. CONCLUSIONS 


It has been argued that a fundamenj^al limitation 
on the accuracy of microwave radiqmeter based 
rainfall estimation is the extreme variability of 
both cloud amount and effective rain layer height. 
This accuracy is estimated to be of the order of 
170% in point rain rate estimates, and is un- 
likely to be improved upon by using other wave- 
lengths or polarizations. Using a simulation 
based on GATE data, it was shown that for FOV’s 
880 km2, that errors/-t200% result primarily 
due to partial FOV coverage by rain, and that 
scant improvement was effected by FOV character- 
ization. However, this effect is of secondary 
importance in the case of 64 km2 FOV's (e.g., 
the LAMMR). In this case, errors of^tZOX over 
an area 105 km* are obtained If the long term 
average effective rain layer height is known. 

It was argued that for the purposes of either 
daily accumulations or climatological sampling 
that a single LAMMR was insufficient. It was 
proposed that vi‘s/IR data from GOES satellites 
be used as a natural supplement since these have 
high temporal resolution and require the mean 
rain rate for raining areas as calibration. It 
was estimated that for areas of a/1q 5 km2, that 
such a hybrid scheme could achieve accuracies 
of the order of 1 20% in total 12 hour rainfall 
accumulations - if the long term average effective 
rain layer height was known. However, if it 
proves more accurate, and simpler to estimate 
the mean rain rate for raining areas directly 


Spatial scak 

l»PI(wlO»km*) 

FOV(%10- 

Rain rUC'teinperature convtnion 

20* 


Mcuracy 

70 

Error due to low spatial resuluiion 

40 

200 

Combined (inscamancous) accuracy t 

30 

210 

Error due to low temporal resolution 



(every 12 hours) 

80 

310 

Combined (total) accuiacy! 

90 

370 

CIimatoloBy (12 hours) 

90 

200 

Aren timci constant (12 hours) 

20 

120 

Area tunes consiam (mstaniancous) 

60 

240 


lOHin*) 


*Th1s figure depends on how the effective 
rain-layer height varies as a function of 
space. The effective rain-layer height 
averaged over a PPI was determined to be 
3.50±0,52 km or ±15% (at 1.55 cm). Since 
this is the chief source of variability 
in rain estimates, we have rounded this 
to the nearest 10% and used it directly. 

^Combination of errors from rows 1, 2. 
^Combination of errors from rows 1, 2, 4, 

Table 4: A comparison of rain estimation 
accuracy for different spatial scales (In %) 
estimation techniques and for each 
principal source of error, rounded to the 
nearest 10%. 


9 

Y 


D-I90 



than to estimate the effective rain layer height, 
this hybrid scheme would clearly be unnecessary. 
Table 4 compares some of these errors, Including 
those of an "area x constant" technique whi^h 
estimates rainfall by multiplying the rain area 
by the long term mean rain rate for raining 
areas* This Is the likely accuracy of a vis/IR 
technique given that the mean rain rate for 
raining areas is known. This is a convenient 
benchmark by which the accuracy rain estimating 
techniques may be judged, since it is probably 
not far fron« what is currently available by 
combining vis/IR data with raingage or radar 
calibration. 

7. ACKNOWLEDGEMENTS 

We would like to thank Eric Smith, of Colorado 
State University, for helpful conmuni cation re- 
garding FOV characterization. Useful discussions 
with David Atlas, of NASA, are also acknowledged. 

We would like to thank Alamelu Ki Iambi for her 
aid with the data processing. 

8. REFERENCES 

Akvi Ionova, A. 6., M.S. Krylova, 6.G. Kutuza and 
L.M. Mitnik, 1971: SHF Radiometric char- 

acteristics of frontal cloudiness as measured 
from Cosmos-243. Advances in Satellite 
Meteorology, Wiley & Sons, N.Y., 65-73. 

Allison, L.J., E.8. Rodgers, T.T, Wllheit and 
R.W. Fett, 1974: Tropical cyclone rainfall 

as measured by the Nimbus 5 Electically 
Scanning Microwave Radiometer. Bull. Amer. 

Met. 3oc . 55, 1074-1089. 

Atlas, 0. , C.W. Ulbrich (1977): Path- and area- 

integrated rainfall measurement by microwave 
attenuations in the 1-3 cm band. J. Appl. Met- 
eor., 16. 1322-1331. 

Basharinov, A.E., A.G. Gorelik, V.V. Kalashnikov 
and K.G. Kutuza. 1970: Joint radio emission 

and radar measurements of meteorological para- 
meters of cloud formations. IZV, AN SSSR, 

Ser. "Fiz. Atm. 1 Okeana’V 5, 526-530. 

Bellon, A., S. Lovejoy, G.L. Austin, 1980: Com- 
bining satellite and radar data for the short 
range forecasting of precipitation. Mon. Wea. 
Rev.. 108, 1554-1566. 

BuntTng, J.T., 1978: Cloud measurements from 

satellites and aircraft. 3rd Conf. on Atmos. 
Radiation, June 28-30, Davis, Calif. A. M.S. 

45 Beacon St., Boston, Mass. 02108. 

Crane, R.K., 1971: Propagation phenomenon affect- 

ing satellite communication systems operating 
in the centimeter and millimeter wavelength 
bands. Proc. I.E.E.E., 59, 173-188. 

Gorelik, A.G., V.V. Kalashnikov, B.G. Kutuza, 

V.F. Logunov and I.S. Skuratove, 1971a: 
Dependence of attenuation coefficients In the 
0.8 to 3.2 centimeter band on rain intensity 
and drop size distribution. Advances In 
Satellite Meteorology, Wiley & Sons, N.Y. 48-57. 
Gorelik, A.G., V.V. Kalashnikov, B.G. Kutuza and 
V.I. Semlletov, 1971b; Measurements of space 
distribution of brightness temperatures of 
clouds and rain at 0.8 and 1.35 centimeter 
wavelengths. Advances in Satellite Meteorol- 
ogy, Wiley 4 Sons, N.Y. 19-28. 

Gorelik, A.G., V.V. Kalashnikov and Yu. A. Frolov, 
1971c: Determination of total atmospheric 
moisture content from atmospheric emission. 
Advances In Satellite Meteorology, Wiley 4 
Sons, N.Y. 3-18. 


cr«g;wal pass 13 

OF POOR QUALITY 

Gorelik, C.G., V.V. Kalashnikov and Yu. A. Frolov, 
1971d: Possibility of precipitation zone 

Identification from meteorologica' satellites. 
Advances in Satellite Meteorology, Wiley 4 
Sons. N.Y. 29-39. 

Griffith, C.G., W.L. Woodley, P.G. Grube, O.W 
Martin, J. Stout anj D.N Sikdar, 1978: Ram 

estimation from geosynchronous satellite 
imagery. Mon. Wea. Rev ., 106, 1153-1171. 

Jordan, C.L. 1980: Diurnal variations of prec- 

ipitation in the eastern tropical Atlantic, 

Mon . Wea . Rev . . 108, 1065-1067. 

Kalashnikov. V.V. and Yu. A. Frolov, 1971: Pros- 

pects for determining rain Intersitles by the 
therman atmospheric emission :n the millimeter 
and centimeter bands. Advances In Satellite 
Meteorology, Wiley & Sons, N.Y. 40-47. 

Lovejoy, S. and G.L. Austin, 1979a: The delinea- 
tion of rain areas from visible and IR sat- 
ellite data for GATE and mid-latitudes. 
Atmos-Ocean . 17, 77-92. 

Lovejoy, S. and'li.L. Austin, 1979b: The sources 

of error in rain amount estimating schemes 
from GOES visible and IR satellite data. 

Mon. Wea. Rev .. 107, 1048-1054. 

Lovejoy, I. and G.L. Austin, 1980: The estima- 
tion of rain from satellite-borne microwave 
radiometers. Quart. J. Roy. Met. Soc., 106. 
255-276. 

Rao, M.S.V., W, Abott III, and J.S. Theon, 1976: 
Satellite derived global oceanic rainfall maps. 
6th Conf. Wea. Fore, and Anal., May 10-13, 

A.M.S., Boston, Mass. 

Reynolds, D.W., T.B. McKee and K.S. Danielson, 

1976: Effects of cloud size and cloud particles 

on satellite-observed reflected brightness. 

Intern. Conf, on Cloud Physics, Boulder, Colo., 
July 26-30 (preprints). 

Reynolds, D.W., T.B. McKee and K.S. Danielson, 

1973: Effects of cloud size and cloud part- 
icles on satellite-observed reflected bright- 
ness. J. Atmos. Sci ., 35, 160-164, 

Rodgers, E,, H. Slddallngaiah, A.T,C. Chang, 

T. Wllheit, 1979: A statistical technique for 
determining rainfall over land employing 
NIMBUS 6 ESMR measurements. J. Appl, Meteor. 

18, 978-991. 

Smith, W.L. and H.B. Howell, 197]: Vertical dis- 

tributions of atmospheric water vapour from 
satellite Infrared spectrometer measurements. 

J. Appl. Meteor ,, 10, 1026-1034, 

SmllFTTlTanTirQ. Kidder, 1978: A multi- 

spectral satellite approach to rainfall esti- 
mates. Sept, of Atmos. Sci., Colo. State 
Univ., Fort Collins, Colo. 80523 (preliminary 
draft) . 

Stout, J.,0.W. Martin and D.N. Sikdar, 1979: 
Estimating rain with geosynchronous satellite 
Images. Mon. Wea. Rev. , 107, 585-598. 

Viezee, W., HT^ShTgeTshrand A.T.C. Chang, 1979: 
Relation between west coastal rainfall and 
Nimbus 6 SCAMS liquid water data over the 
northeastern Pacific ocean. J. Appl, Meteor . 

18, 1151-1157. 

Weinman, J.A. , P.J. Guetter, 1978: Determination 

of rainfall distributions from microwave 
radiation measured J>y the NIMBUS 6 ESMR. 

J. Appl. Meteor . 17, 437-442. 

wnHeTtTTTTTTX’i.C. Chang, M&.V. Rao, E.B. Rodgers 
and J.S. Theon, 1977: A satellite technique 
for quantitatively mapping rainfall rates over 
the ocean. J. Appl. Meteor., 16, 551-560. 


D-191 







U83 25302 

ORfGiNAL PAGE 19 
OF POOR QUALITY 


Using Underwater Ambient Noise Levels 
to Measure Rainfall Rate: A Review 


Jeffrey A. Nystuen 
Scripps Institution of Oceanography 
April 1981 


Abstract 

A brief description of other methods of rainfall 
measurement at the sea surface is given. The general 
underwater ambient noise background of the ocean is 
described. The physics of noise generation by bubbles 
and splashes is reviewed. Monitoring underwater ambient 
noise levels to measure rainfall rate requires that the 
spectral shapes of the noise from wind and rain be 
different or at least distinguishable. This would allow 
the rain noise to be separated from the wind noise and 
then hopefully it can be correlated with rainfall rate. 
Different spectral shapes are observed experimentally. 
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Rainfall Is one of the parameters most often cited when one describes the 
climate of a region. Accurate rainfall measurements are needed for such things 
as local weather forcasting, measuring latent heat release and assessing flood 
potential from individual storms. Intense rainfall is also an indication of 
upward mass flux. These are important parameters for the global heat and water 
budgets and are vital inputs into circulation models. 

Unfortunately because of the extreme cpatial and temporal variability of 
raln^ accurate rainfall measurements are hard to make. This is especially true 
on a global scale since roughly 80^! of the earth's precipation occurs over the 
ocean where only lOZ of the weather stations are located (Kidder and VanderHaar, 
1977). Satellite techniques using visible and infrared imagery, microwave 
radiometers and satellite-mounted radars have been proposed. These techniques 
should be able to improve global rainfall measurements drammatically as they 
provide relatively complete and uniform coverage. One of the current limitations 
is the lack of accurate ground truth needed for calibration. This is especially 
true over the ocean. 

There are several methods that are used to measure rainfall at the sea surface. 
Ship-board raingages are widely used but art. affected by sea spray, platform 
instabilities and ship-induced wind effects. Other ship measurements, such as 
the measurement of the dilution of seawater of attenuation from Ildars, haven't 
been widely used* Data from island weather stations can also be used to estimate 
oceanic rainfall. Unfortunately ther are very few Islands and vast areas of open 
ocean. In addition, orographic effects, especially in the tropics, bias the 
results. Nevertheless extrapolations using rain rates and weather reports from 
ships and nearby land stations to map rainfall over the ocean have been made 
(Reed and Elliot, 1973). 

Land or ship based radars can also give an estimate of rainfall. Conventional 
weather radars measure the radar reflectivity factor, Z, The radar reflectivity 
factor is dependant on the drop size distribution of the rain; 

(1) Z • 10® ^D%D)dD , 

where N(D) is the drop size distribution and D is the drop diameter. Rainfall 
rate is also dependant on the drop size distribution, but it is a different 
moment of the drop size distribution. 

(2) R - 0.6t? ^ D^N(D)v(D)dD » 0.006 n ^ f(D)N(D)dD , 

where v(D) ® 965 - 1030exp(-6D) in cm/sec Is the raindrop fall velocity and 


i 
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f(D) * 17670^'^^ is am approximation proposed by Atlas and Ulbrich (1977), The 

drop size distribution is usually defined by two parameters, typically 

(3) N(D) - exp(-AD) , 

where A ■ 3.67/D and D Is Che median diameter of che distribution. Ulbrick 
o o 

and Atlas (1978) note that there are other measurable quantities (optical 
extinction, liquid water content and attenuation) that are monents of the 
drop size distribution. They suggest that in order to measure rainfall rate 
accurately independent measurements of at least two of the above quant itcs 
are required. Once two are determined then all of the rest are determined. 

X Unfortunately weather radars measure only one quantity, radar reflectivity, 
with a resulting error in rainfall rate of roughly 25-50J54 

One possible method to measure rainfall rate over water is to monitor 
the ambient noise level underwater. This method has not been developed although 
there are reports of significant increase in ambient noise during rain storms 
(Heindsman, Smith and Arncson, 1955 and Bom, 1968). Franz (1959) proposed 
a theory of sound generation from splashes which will be reviewed in this 
paper. Other mechanisms for sound production will also be discussed. 

Potentially this method would allow rainfall measurements to be made at any 
location in the oceans where it is possible to moor a hydrophone. 
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The underwater ambient noise spectrum of the ocean has been extensively 
studied. Wens (1962) describes it and suggests possible noise sources in different 
frequency bands. His summary is given in figure one. 
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Turbulent pressure fluxuations in the atmosphere near the ocean surface and 
in the turbulent ocean surface layer are the most often cited sources of 
noise below 20 hertz* This can be attributed to the wind (Wilson, 1979). 

For slightly higher frequencies, twenty to several hundred hertz, shipping 
or industrial noise is often dominant, even in the deep ocean. As frequency 
increases shipping noise dimishes until, at roughly one kilohertz, wind 
noise due to ^'surface agitation" becomes dominant. Nearby ships can still 
contribute significant noise as high as 15 kHz (Evans, 1980). 

The Knudsen relation is used to describe the noise due to wind between 
500 Hz and 25 kHz (Knudsen, Alford and Emling, 1^48; Wenz, 1971). Roughly, 
the relation states that the ambient noise spectrum levels decrease 5 dB per 
octave with increasing frequency and increase 5 dB with each doubling of the 
wind. In figure one various spectrum levels are shown for different Beaufort 
wind forces, usually spectrum levels are given for different sea states. A 
typical measured ambient noise spectrum is shown in figure two. One to 25kHz 



is the frequency band where rainfall measurement is possible. Figure one 

shows heavy rain is the dominant noise source when it is present at these frequencies. 
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Helndsman et al. (1955) noted a 25 dB Increase in the ambient noise level 
during a heavy triunderstorm in Che Long Island Sound. Bom^s results of ambient 
noise level increase during four rain periods in a small lake in Italy are 
shown in figure three. 





r». I, hToi« ip«»* 
iivtb M m«miurcd <i*- 
four prodpiucioo p«n • 


Figure 3. 
Bom (1968) 


Above 25 kHz there are very few measurements. In fact the curves shown 
in figure one are extrapolated from lower frequencies. Between 50 and 100 kHz 
molecular thermal agitation obscures other noise sources. The spectrum 
level due to thermal agitation was predicted by Mellen (1952). He used classical 
statistical mechanics to derive the following relation for mean squared 
pressure per unit frequency: 

2 4 

(4) d P > df • — kT (fc) df , 

where f is frequency, c is the speed of sound in water« T is temperature, 

•23 

f in dens^cy and k « 1.37 x 10 Joules/deg. When appropriate values are Inserted 
Into (4) , it becomes 
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(5) L • -35 201og f in dB re l^Pa^ 

where f >> 1 kHz and L is the sound pressure spectrum level. The thermal 
noise spectrum has a slope of ^6 dB/octave. 
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In order to use ambient noise levels to measure rainfall race. It is 
neccesary to choose a frequency band where the wind has a red Knudsen 
spectrum and rain has a "vhitc-lsh" spectrum. This fact would allow 
separation of the two noise sources and permit quantification of rainfall 
rate. Above a few kilohertz these spectral shapes are observed, however 
Che mechanisms by which the rain and the wind generate acoustic noise are not 
will defined. This is especially true for noise generation by wind. 

Breaking waves are the most obvious possible source for wind noise 
although as wind speed increases the ambient noise level begins to rise even 
before whitecaps are present. Studies have been made that show a relationship 
between Che fraction of the ocean surface covered by whitecaps, W, and the ten 
meter elevation wind speed, Monahan and Mulrcheartaigh (1980) summarize 

the expermenCal results as shown In figure 4 and determine the following 
relationship. 

(6) W - 3.84 X 10'^ 

Monahan and Davidson (1979) suggest that vhitecap coverage may be slightly 
greater when the atmosphere is thecmally unstable. Shaw, Watts and Rossby (1978) 
measured the underwater noise level, L, with respect to the wind speed. 

ITiey determined that at 5 kHz 

(7) 20 log V - 1.01 L - 30.4 , 

where V is wind speed in knots and L Is in dB re 1 Pa. Equations (6) and (7) 
can be combined to give 

(8) L - 3.88 log W > 68.2 

The ambient noise data at 1 kHz shown In figure 2 vas converted to whlcecap 
coverage using equation (6). It Is presented in figure 5 with equation (8) 
superimposed. These figures suggest that whitecaps are a major source for 
wing-generated noise. 

Whitecaps generate noise from bubble formation and spray. Bubbles generate 
acoustic waves when agitated. In addition as bubbles break, small water droplets 
are created. Wu (1981) summaries several studies of bubble populations In 
the ccean surface waters. These studies show bubbles are present in large 
numbers even at low wind speeds OF eXtt condlcXons. As wXn8 sped IncF.sscs 
ths totsl numb.r of bubbles present Increeses end the bubble size distribution 
shifts. At higher wind speed the bubble populstlon hes proportionally more 
large bubbles. This may be due to coalescense of smell bubbles or more efficient 
entrainment of air by breaking waves. Figure 6 shows data from Medwin (1970). 
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Figure 7 is e sumnuiry from Wu (1981). Blanchard and Woodcock (1957) attempted 
to measure bubble populations in the surf. Their technique deliberately 
excluded large millime':er sized bubbles which rise to Che surface quickly. 

Results from Blanchard and Woodcock appear in figure 6. Thorpe and Stubbs (1979) 
used bubble clouds from breaking waves to attempt to measure a vertical v^V^clty 
for mixing of surface water. They determined that the depth, d, chat a bubble 
cloud penetrates is related to the wind speed. 

(9) d . 0.4 (U^Q - 250) , 

where is In cm/ sec. 
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Most bubbles arc created by entrainment of air by breaking waves however 
several other mechanisms have been suggested (Blanchard and woodcock, 1957; 
Medvlni 1970). These mechanisms Include: bubbles entrained from falling drops, 

bubbles created from ''floating" water drops skimming across the surface when 
the water has been violently agitated, bubbles created from biological sources 
such as during photosynthesis and bubbles entrained by continental aerosols. 
Generally surface «mters are supersatuiated with air and so it might be possible 
for pressure fluxuations due co surface waves to generate bubbles, although 
Blanchard and Woodcock note that even in supersaturated conditions bubbles 
with diameters less than 30^ tend to dissolve. 

The generation of an acoustic signal from bubbles has been investigated 
by several authors. A very extensive study was done by Strasberg (1956). 

He notes that there are many different modes of oscillation for each bubble. 
While any mode can by excited only the zeroth mode, a volumetric pulsation, 
contributes significantly to the acoustic field. The contribution to the sound 
spectrum by any given bubble is likely to be at that bubble's resonant 
frequency. The resonant frequency, f^, is derived in Appendix B an is given as 



where Is the ambient pressure at the bubble's depth, is the ratio of 
specific heats in the bub^'^e and is equal to 1.4 for air in water, f Is the 
water density and a^ is the mean bubble radius. The bubble response is sharply 
peaked at the resonant frequency as shown in figure 8. 



FiO. I. AmpUtu<k responM of a bubble Co a aCcady-ataU 
aiauaoidal externaJ prcttun. 


Figure 8. 
Strasberg (1956) 
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The magnitude of the bubble oscillation is a much more difficult 
problem. Strasberg suggests that the appropriate equation to consider is 

(11) Mv + Rv + K(v - V ) « p (t) - P 

o *^e o , 


where v » v(t) is the bubble volume, is the equilibrium bubble volume, p^(t) 

is an external pressure forcing term, P is the equillbrim pressum M » P/(4TTa ) 

o o 

la an inertial coefficient, K ■ P /V is a stiffness coefficient and R 

o o 

is a resistive coefficient that has a complicated form which varies with bubble 
size and frequency. The sound pressure radiated by the bubble, at a distance 
r from the bubble, is 

(1^.) Pg-fv/(4irr) 

Equation (12) is derived in Appendix B. Equation (11) suggests that the form of 
the external forcing, p^(t), is important. Strasberg considered a short 
pulse, a somewhat longer pulse and an external pressure that flucuates 
sinusoidally. His solution for a short pulse is 


(13) 

where 


- P* expC-tXf t) cos(^ t -^ ) , 

S O 

^ ■ arctan^ - v / 2irf^(v - V^)*j and 

X* ■ dissipation constant * 0.014 + 4.5 x 10~^f 


The solution for the longer pulse is 

.t 

(1^) P,. - [P^(t) - 2irf C P'(z) exp(-;rf /(t -t) sin 2irf (t-t) dx 

9 U w O / O O 

where P (t) ■ p^Ct) ~ P^. Finally the solution for a sinusoidal external 
pressure fluxuation of the form p (t) - P + p cos (2 rrf t) is 

(15) p^ - p^^s^ + j 

Equation (15) is determined by another method in Appendix Bw 

The relationship that the above solutions have with the real ocean is 
currently speculative. Surface gravity waves and turbulent pressure fluxuations 
certainly provide a fluxuating external pressure field but at much lower 
frequencies than the resonant frequency of a typical bubble. Turbulent pressure 
fluxuations may extend as high as 20 Hz however a 100^ bubble resonants at 35kHz. 

A pressure pulse is possible from ^’crashing** waves and maybe the pressure pulses 
from smaller splashes or even other bubbles is enough to make a bubble 
resonant. The most likely source of bubble agitation is from the violent 
injection of air bubbles into the water by crasning waves. Thorpe and Stubbs 
(1979) note ocasional bubble clouds extending much deeper into the water column 
than the mean bubble cloud level suggested by their equation (cqn, (9)). 

These bubble clouds are likely to be caused by breaking waves. 
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If external forcing is ignored and we assume a bubble is oscillating, it 
is possible to predict the amplitude of that oscillation and thus predict a 
root mean square pressure at a distance r from the bubble. This calculation 
is done in Appendix B with the following result: 


(16) 


rms 




2r 


where ea^ is the amplitude of the oscilation of the bubble radius. In order 
to make a prediction for the underwater pressure spectrum from bubbles it is 
neccesary to make a few assumptions. A bubble size distribution per unit area, 
D(a^), is required. Bubble size distributions are given in figure 7, however 
not all of the bubbles are actively resonanting and so an active bubble size 
distribution, 5*(a^)D(a^), where is a small parameter, will be assumed. 

The bubble field needs to be uniform at the ocean surface. This might not 
be true si.ice Arase and Arase (1968) note a directional dependence of ambient 
noise and other authors claim to be able to detect individual breaking waves. 
However if the hydrophone measuring the pressure spectrum is deep enough 
this should be a good assumption. A frequency dependant signal attentuation 
factor, e is required. This is discussed in Appendix C. Finally equation 
(10) is used to relate bubble radius to frequency. 

Applying all cf these assumptions the measured rms pressure should be 

(17) 
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This calculation is done in Appendix B and gives 
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The pressure per unit frequency, L, is 

(19) L - (3»Pji) «fD a e'"*' (1/m) 

where *,T, D, a and tn are all frequency dependent. 

L/(ef) is graphed in figure 9 using the bubble size distributions of Medwin 
at sea state one and Johnson and Cooke at sea state five (figure 7). Except 
possible between 10 and 20 kHz, figure 9 does not look like the measured spcctrums 
for wi-'d noise, however J" and «’ are likely to be Increasing functions of 
.frequency and so they may "straighten out" a graph of L vs. frequency. 

Furthermore measured spectrums do not extend above 20 kHz. Measured spectrums 
show an Influence of wind as low as 400 Hz. If bubbles are responsible for wind 
noise then bubbles much larger than those measured in the bubble populations 
discussed in this paper are needed. To resonant at 400 Hz. a bubble has to 
have a radius of 9 mm. Such large bubbles could be formed but they would rise 
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kHz 


Figure 9, Presure spectrum from bubbles divided by (A) 

quickly to the surface. The bubble; populations mentioned in this oaper were 
measured at depths between 017 and 1.8 meters. Large bubbles may not penetrate 
that deep into the water column. Blanchard and Woodcock delibrately excluded 
large bubbles from their measurements. 

In addition to bubbles there are two other explanations for noise due 
to wind. Marsh (1963) suggests the Knudsen spectrum is due to pressure 
fluxuations from surface waves. If this is a mechanism for noise generation it 
is only applicable at very low frequency. In addition other authors note 
that the sound spectrum is better correlated with wind speed than wave height, 

Wilson (1980) suggests the noise from wind is due to sea spray striking the 
surface. This is a definate noise source but does not have a Knudsen spectral 
shape. It seems likely that the noise from wind is due to a combination of 
bubble oscillation and splashing. 

The theory of noise generation due to splashing was worked out by Franz (1959) . 
This is obviously the source of noise from rain. Franz studied the entry 
of individual drops into the water and considered sound production from the 
impact at the surface, the vibration of the drop as it eiters the water, 
secondary splashes from droplets thrown up by the Intial drop, resonant vibration 
of cavities open to the air and the oscillation of air bubbles entrained by the 
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drop. He concluded that only the impact at the surface and the oscillation of 
entrained air bubbles contribute significantly to the observed underwater 
noise. The magnitude of the impact component varied with fall velocity and 
drop size, however it was reproducable if those two parameters were fixed. 

The bubble contribution was not predictable varying in both magnitude and 
frequency. For a given drop, if a bubble occurs, then the bubble contribution 
to the sound field is equal to the impact contribution, however bubbles are not 
usually formed, especially at high impact velocities. For this reason Franz 
developed a theory for splashes considering only the impact at the surface. 

Franz claims that there are two stages to consider for the impact of a 
raindrop. These are a "supersonic" stage when the drop acts as a simple sound 
source and a "subsonic" stage when the drop is a dipole source. The duration 
of the "supersonic" phase is "the time which the rate of growth of the wetted 
area is supersonic" and is given by 



where u is the vertical impact velocity, a is the radius and c is the speed of 

_9 

sound in water. For an average raindrop t « 2 x 10 seconds* Franz uses 
geometry to predict the pressure from a drop because of "supersonic" flow: 

<n, t 

The duration of this phase is so short that its influence on the pressure field 
la questionable. 

A drop hitting the surface quickJ.y passes through the phase when it can 
be considered a simple source. Insceaid the surface must be considered. The 
drop looks like a distributed sound source just below the surface (introducing 
volume) and an image (sink) just above the surface. This may be thought of as 
a set of simple sources on the rapidly expanding splash and a set of out of 
pb.ise reflections off«(the surface which look like aset of sinks just above the 
surface. The entire splash can be approximated as a dipole source with a 
vertical axis. If a drop enters the water at an angle then Franz suggests 
that it be considered a quadrupole source. 

The expected pressure at a hydrophone due to splashes is derived in 
Appendix D as 

( 22 ) ^ cos^sf + /C \ ^7dS 

surface 2irr^ L vSTP J 

where O is the angle between the vertical and the path connecting the surface 
patch dS with the hydrophone. The intensity, I, is defined as the total water- 
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borne sound energy per unit time per unit area at the surface. If the 
hydrophone is directly beneath a circular spray area then (22) can be integrated 
(Appendix 0) to give the mean square pressure as 


(23) 




2 X 

cos 


ci(l 


COS 


8 ir^ 




tfhere h is the hydrophone depth and ft is the angle between Che vertical and 
the path between the edge of the plash zone and the hydrophone. The second 
tern in the brackets is a near field correction that can be neglected if the 
hydrophone is at a sufficient depth below the surface. 

The rate at which sound pressure is produced in water is proportional to 
the kinetic energy of the falling drops. Franz uses 

(24) I - (1/2) fR K* (E/TM^) , 

where u is the impact velocity » R is the volume of the drops striking the surface 
per unit time per unit area, M ■ u/c is the mach number, E is the total sound 
energy transmitted Into the water and T Is the kinetic energy of the drop at 

2 

Impact times the ratio of the liquid density to the droplet density, T - (l/2)^Ru dSdt. 
The ratio E/TM^ is a measure of the conversion of kinetic energy to acoustic 
energy and is a functior. of drop radius, impact velocity and frequency. Franz's 
experimental determination of this ratio Is shown in figure 10. 



Fic. m Toe oimensionl^* of th* Mund energ>’ 

ndifted into tbc viier b> ihe impsta o: iingie orepieU of wttcr 
or b)* spUtiics of a &pny of m^aicr dropUls. 


Figure 10. 
Franz (1959) 


Neglecting the near field correction tern equation (23) can be written in 
terms of pressure per unit frequency, L, where L is in dB relative to 1 y>Pa. 

(25) L - 120 + 10 log^(3/4) ^ J 

Equation (25) is for a circular spray area directly above the hydrophone. It 
can by generalized to give the sound pressure per unit frequency for a small 
spray area, S, where the distance between the spray area and the hydrophone is 
large compared to a linear dimension of S. It is 
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(26) L - 120 + 10 log^ ^ 

^ 4 T ^ 

where JIp is the solid angle subtended by the spray area S. (see Appendix D) 

Franz’s theoretical prediction for the sound pressure spectrum due to rain 
is shown in figure 11. The levels in figure 11 are lower than the ambient 
noise levels observed by Bom (1969) and Heindsman et al, (1955). This may 
be because those measurements were made in shallow water. The sound spectrum 
is usually 5 - 10 dB higher in shallow water than in deep water probably because 
of bottom effects. 




Fig. M. Tbe estimated souad-pre&sure-spectrum levels o/ the 
usdenrater sound from the imoact of ram on the surface, r: 
depths greater than a wavelength iron: tne sonace. 


Figure 11. 
Franz (1959) 


D.208 




Other Considerations 


OR'riv.-!, Rv'£ :-j 
or POOS QUALITY 


There are several other influences on the underwater noise levels. One 
of these is the noise due to marine life, priciply snapping shrimp and croakers 
(a type of fish). Figure 12 shows that over shrimp beds this noise is significant. 



fif, iSjf— Averije noiic ipcctra over a thrimp b«d. 


Figure 12. 
Albers (1965) 


Snapping shrimp and croakers are found mostly in shallow water or harbors and 
so to eliminate this sound source ambient noise should be monitored in deep 
water or in locations where these organisma are not active. It is possible 
that other marine organisms such as porpoises might make an ocaslonal noise 
at high frequency, however these sounds are usually distinctive and can be 
easily removed from data. 

Ambient noise does show some depth dependence. Perrone (1970) notes that 
deep ( 5 km) hydrophones record noise levels A - 8 dB less than shallower ones, 
especially at higher frequencies. This is probably due to attenuation (Appendix 
C) . Deep hydrophones would also tend to "average out" the influence of individual 
breaking waves or very Intense, very local rain patches. 

Monohan and Zietlow (1969) note that whitecaps last longer in salt water 
than in fresh water, roughly 50 % longer. This may be because there are relatively 
more small bubbles formed in salt water. As a result the ambient noise levels 
in fresh and salt water may be different. Temperature also effects the lifetime 
of whitecaps. As a result of this fact the ambient noise level In cold water 
may be higher than in warm water. 

Noise from breaking surf has not been considered. It is likely to 
be a large signal where it is present. 
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Conclusion 

Monitoring underwater noise levels can be used to detect rain. To 
quantify rainfall rate requires that we assume the noise due to wind has a 
well defined spectral shape, the Knudsen spectrum, and that rain noise has 
a different spectral shape, a white-ish spectrum. The difference in spectral 
shapes would allow these two noise sources to be separated. Rainfall rate 
could then be correlated to underwater noise. These spectral shapes have 
been observed experimentally but a better understanding of the physics of 
sound generation by wind and rain is desirable. 
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(Llghchill, 1978) 


1. Wave Equation 

Thi mofflcntun and continuity equations art given as 


(Al) 


|i + u ,yu - 

^ >V* (cu) - 0 


Thejt can be linearised to give 

. 

(A2) 




>t ro^ “ 

Introduce a velocity potential, auch chat 
(A3) Ti - Vf* 

Use (A3) to revrrite Ta 2) as 

P - P 

( 

(A4) 


-e ^ 

'o »t 


VL - > - vV 

jt fo^r 

Now assume P • P(^ ) and expand about 

(A3) ^ 

<*« H ■ H 

Use (A6) to convert (A4) into tha wave equation 
(A7) ^ 

where c « J ?* is the speed of sound. 


which means 


2e Simple Source 

An oscillating bubble may be thought of ss a simple sound source, 
simple source 

(AtJ) / • <^(t,r) 

Osing (AS), equation (A7) can be written in spherical coordinates as 

W> ^ (r^) ■ c’ (t/ ) 

# t ^ r 

which lias the general solution 
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(AlO) - f(r - ct) + g(r + ct) 

The bubble is a source (oucvard moving wave) and so lec g « 0, Our solution is 

(All) 4 - 

• 4rr t 

where m(t) signifies the volume outflow from the source (source strength). 

Combining (A4) with (All) gives 

■■/•=> rh 

(A12) 

q(c) - » m(t) 

' o 

This is the fundamental equation for a simple source. 

3. Acoustic Intensity, Dipole Source 

2 

At a distance r from the source the flow through the area 4 r Is 
(A13) ~ •I"* (All) 

Combining (A13) with (A12) gives 

(A14) 47^ t - *•/«) + (c/r) q(t - r/c) ] 

Far from the source only the first term in brackets is important and so 

(A15) ■ V 

Acoustic intensity, I, is defined as the rate of transport of acoustic energy 
and is given as 

(A16) I - (P - P ) u 

o 

In the far field the acoustic intensity of a simple source is 
(A17) I - (e c)“^(p - p 

This equation is also valid as an linearization of the far rield acoustic intensity 
of a dipole. The far field pressuie from a dipole source is found by considering 
a simple sink and a simple source separated by a small distance A r. 

(A18) p • » (5(t . r/c) J - [q(t - rVc) ] 

By geometry (figure Al) , the distance 
r - r* is approximated by -j cos^ 
and so (A18) con be expressed as a 
der ivat ive. 

p - % - (-ico.#) ^ (q(c - r/c) ^ ] or 


“<J j +<l 



Flguro Al. 


I 
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(A19) y-p - cosPlje4(t - r/c) + 4 q*(c . r/c) 7 -^ ) 

In ch« far fiald (Al9) reduces to 

(A20) p - P - 5S£® 

o 4 n r c 


✓ 
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1* Sound Pressure from a Bubble 

Llghthill suggests that for sound from an oscillating bubble chat equation 
(A13) be written as 

(Bl) .(t) - 4TTr^ ^ - v(t) 

where v(t) is the volume of the bubble. 

When (Bl) Is combined with (A12) we get the form given In the text. 

<«> ' - 


2. Resonant Frequency of a Bubble 

If the bubble is small enough the pressure outside the bubble will t>e 
equal to the pressure Inside the bubble. Consider a fluxuatlng external pressure 
field of the fora 

-liw t 


(B3) 


F.(t) - 


The velocity potential outside an oscllatlng bubble has the form 

(B 4 ) 6 .A^l(kr-uO 

' r 

which is related to pressure by equation (A4) • Inside the bubble 
(B5) PV^ ■ constant 

where t Is the ratio of specific heats in the bubble. l'- 1.4 for air bubbles 
In water. Differentiating (B5) gives 


(B6) 


dt 


o Y dv 




o da 


a dt 
o 


whert a(t) Is the bubble radius and a^ Is the equillbrlua bubble radius. 

Substituting (B3) into (B6) the pressure Inside the bubble is 

3< P 4 

^ i — 

inside 0 A o 


Continuity of pressure at the •surface of the bubble implies 

P a 


(BB) 


p - 1 

o a^^ 


outside 

r«a 


• P P e 

o a 


-i*J t 


^ i CAji - i*o t 


which simplifies to 


(B9) 


3tP a 
0 

•oO 




Ika 

if we assume e » 1. 


The radial velocity, I, at the bubble surface is also continuous and so from (^4) 
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(BIO) 


■‘-Ul 


A(ik/* - l/«^) 




Conbininf (B9) and (BIO) glv«s 
(BID 


, .ii!- 

4 « ^ 2 

« c 


A -f i 


3 tf 

a 


Where c - '^/k Is the sound velocity. Solving for A gives 

A - 


(B12) 


(B13) 


(BU) 


-.■ij? 


f where 


and 


3V?_ 


ac 


is Che radiation resistance load on a 


spherical surface. Equation (B13) defines the resonance frequency for a bubble 
and is eentioned as equation (10) in the text. Equation (15) is derived by 
substituting (B12) into (A4) . 

3. Amplitude of Oscillation 

Assuae that the radius of an oscillating bubble is given by 

•i^t 


(B15) 


a • a + (^a )e" 
o o 


where ♦e^ is the amplitude of oaclllatloa and e la a small parameter that 
la probably f regency dependant. The preasure i.talde the bubble cm be 
written aa 
(B16) 

Oalng (B6) thla la e<;ual to 
(B17) T. 


^Inalde " % ^1* 


3VF. 


-l*^t 


'^Inalde ^ * al«a * 


from (A4) and (B4) the preaaure outside the bubble la 


(BIB) 


^outside * % * 


* A 


1 . "i*** t 

Lti^e 


Applying continuity of pressure at r - a and substituting for a using (B15), 
It la possible to solve for A using (817) and (318). 


(B19) 


3rr a * 

O 0 


Therefore from (A4) and (81) the pressure due to an oscillating bubble at a 
^lalence r from the bubble Is given aa 
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(B20) 


ikr - iue 

P - e 


This means that the amplitude of oscilation is 
(B21) - 


o 0 _ 


which is a form mentioned by Strasberg (1956) and Wcnz (1962). The rcac mean 
square pressure is 
(B22) 


3r? 6 a 

o o 


rms 


2r 


4. Sound Spectrum due to Bubbles at the Ocean Surface 
Starting with equation (17) of the text. 


(B23) 




SD surff* 


BSD surface 

Substituting for (P - (equation B22) and for dA|(B23) becomes 

2V It/l 


(B24) 



rsec^d^ 

r s in9d*f 


" ) j ^ (|yp^,«-a^) i J(a)D(.)e'“(r' 


tanO d^d^) da 


BSD o o 


The hydrophone depth, h , equals r cos^ 
and so 


2ir iy2 


(B25) 


P - P^ 


BSD o o 


By substitution, x * $ec^ , this becomes 
(B26) 


and so 

(B27) 


P - P 

o 


P - P - 
o 


3 5fP^ a^errxoca) ^ 

^ (3yp^Tt) €• a /*D(a) (l/m) t”™*' da 


h.sln£. .-mhsec® 

COS O 


, -mhx . . 

he dx da 


Note: 


BSD ■ bubMe size distribution 
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Appendix C : Attenuation of Sound in Sea Water (Urlck, 1975) 


Attenuation of acoustic intensity is expodentlal. 

-nr 


(Cl) 




Urick describes attenuation as total intensity loss (TL) in decibels. 

(C2) TL - 10 log (Ij^/12) - 10 e (nr) 

Uri'rk defines a logarithmic absprption coef f icient , o< , as 
(C3) o< « 10 n logj^Q e • 4.35 n 

Attenuation of sound in sea water is primarily from three processes. 

These are shear viscosity, volume viscosity and the ionic relaxation of magnesium 
sulfate ions. Shear viscosity accounts for one third of the absorption actually 
measured in distilled water. It was first studied by Rayleigh who concluded that 


(C4) 


oc 


16 
3f c 


where is the shear viscosity coefficient • 0.01 in water. Volume viscosity 

accounts for two thirds of the absorption in distilled water and is given by 

(C5) ot " 


■X A* i 

3 ^ v 


f c 

where ^ ^ is the volume viscosity coefficient ■ 0.028. The ionic relaxation 
of MgSO^ is a dissociation - reassociation process, involving a finite time 
interval called the relaxation time, in which the NgSO^ ions in solution 
dissociate under the pressure of a sound wave. Urick gives the total absorption 
coefficient for sea water as 

.2 


(C6) 


D< . A 


s f^ r 

4* 


“ 4 


in dB/kyd 


wnere 


and 


A * 1*86 X 10 , a constant 

B ■ 2.68 X 10 , a constant 

S • salinity in parts per millc (%o) 

f • frequency in kilohertz 
(6 - 1520/T) 


f_ - 21.9 X 10 
T 


the relaxation frequency in kilohertz 
T « temperature in degrees Kelvin 
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Figure Cl is a graph of theoretical curves. 


Figure Cl. 
Urick (1975) 



Atimuaiion coefficient in seatoater at a function of frequency 
and temperature^ according to the formulae of Thorp and Schulkin and 
Marth for a ealinity of SS ppL 


For this paper attenuation is expressed as 


‘''2- '2o> • "1 ■ ' 
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(Franz, 1959) 


!• Energy Radiated by a Single Splash 

A splash striking the water surface acts like an acoustic dipole source 
(Appendix A). The intensity (energy flux) measured at a hydrophone at a distance 
r from the drop is determined £/om equations (A17) and (A20) : 


(Dl) 



2^ 
cos o 

ictt2 2 

16 IT r 



where 9 can now be thought of as the angle between Che vertical and a path 
onnecting the hydrophone and the splash. The total energy radiated into the 
water is found by integrating over a hemisphere of radius r. 


(D2) 


-((_!. /g.o«L«L-Yi!a!| 

WeirV/l-cV 


dS dt 


' hemlshere 
2ir W/2 


O o ' 


since dS » r sin^d^d'f • Equation (D2) is integrated Co give 

| 2..2 , 

(D3) E_ - V 




Substlcuclng back in for (P > P^) (eqn* A20) we gec 


(D«) 




where (P - P^) is the pressure measured at the hydrophone. 


2. Mean Square Pressure from Spray 

The ton'll acoustic energy radiating into the water from a spray can be 
written as 

(DS) E - ^ ^ I dS dt 

t S 


where I is the total water-borne sound energy per unit area per unit time at 
the free surface. Equations (DA) and (D5) can be combined to give 


(D6) 


(p - p^)- 


cos^S dS 

2 .Tr"^ 


surface 

We have integrated over all drops hitting the surface. Franz included a near-field 
correction term in his equation. His experimental apparatus required such a 
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tern. When Che near-field correction term is Included (D6) becomes 


<D7) 


(P - 




( 


3 f Cl 
2 


2 

cos O 


[1 dS 



Figure Dl. 


A circular splash area of radius hcan^ as show In figure Dl is Che 
first case considered. In this case 


(D8) 

Equation (D7) becomes 


dS - <rsec«d'^)(rstn<9d-f ) 
2tt «. 


(P - P )' 
o 


l£. 


- { 1 


sln^ cos <9 


(D9) 


. 3^^ 1(1 . cos^.< ) + - gos^ . ) 

8 Yi 


] 


Again, the second term in (D9) Is a near field correction term that can 
be neglected if the hydrophone is many wave lengths under the surface, h >> cfliti. 

L is defined as the sound pressure in an one hertz band relative to 
1 y^Pa, The sound energy is an one hertz band con be written as E(f)df. 

This can also oe written as 


(DIO) 

where O , 
u 

(Dll) 


E(P) dv> - E(0) J df 

From the definition of L 
^2 

L - 20 log — « lOiogPj - lOlogPj^ 


-35 + 20 logPj 


Equation (25) of the text is derived by combining 
approximation of equation (D9) with equations (24) and 


the far field 
(DU). 
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I - 120 + 10 log((3/4) 


/ E(^ ) \ 

\ nP/ 


(1 - COS » ) ] 


In order to calculate the ambient noise from a small spray area, S, we 
need to assume that r is large compared to ^ linear dimension of S. 

Equation (06) becomes 

(P - P T S_ 

0 




area S 
4 


>»area S* 


The solid angle subtended by the 


rain area is 

(DU) n - 51 . Scos^& 


Figure 02. Solve (014) tor S end substitute into 

equation (013) to get the sound 
pressure spectrum from a small patch of spray. 


L - - 35 




JLcos^ 
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1. INTRODUCTION 

Knowledge of global precipitation is 
of fundamental importance to the study of 
climate and climate dynamics. Any 
program to observe climate with satellite 
instrumentation must include 
precipitation measurements. Many such 
attempts have been made, starting from 
the earliest observation of reflected 
solar radiation. Since rain falls from 
clouds, knowledge of cloud location is a 
first step toward precipitation 
estimation. However, most clouds are not 
raining. One must look, then, to 
information other than simply the 
presence of clouds to determine 
precipitation. Among the attributes 
utilized for this purpose are viaioie 
brightness, cloud type, cloud area, and 
cloud growth rate. With the introduction 
of infrared observations, more parameters 
became available for study: cloud top 
temperature, time rate of change of 
temperature, and growth rate the area 
enclosed by selected isotherms. Martin 
and Scherer (1973) have summarized many 
of these techniques. The principal 
difficulty with these methods of 
estimating precipitation is that none of 
them directly sense raindrops. The 
instruments sense only the top-most part 
of the cloud, and precipitation must be 
inferred. With ^e launch of Nimbus 5 in 
December 1972 and Nimbus 6 in June 1975, 
observations became available in a new 
window, the radio window. In the 
vicinity of 1 cm clouds are nearly 
transparent, but raindrops interact 
strongly with the radiation stream. Thus 
it is possible to directly sense the 
presence of precipitation-size drops. 
The thesis of this paper is that these 
simple, direct measurements of 
precipitation should be part of any 
future climate observing system. 

2. PRECIPITATION FREQGENCIES 

The first microwave images of the 
earth (e.g. Theon, 1973? Allison et al. , 
1974? Wllheit et al. , 1976) offered the 
exciting possibility of measuring 
precipitation over the ocean. 


Precipitating areas such as the ITCZ and 
frontal systems appeared distinctly grey 
against the white background of the 
ocean. Scattering calculations soon 
appeared (Wilheit et al. , 1977) which 
gave the rainfall rate over the ocean as 
a function of microwave brightness 
temperature and freezing level (used as 
an indicator of the thickness of the rain 
layer.) The initial enthusiasm waned 
somewhat, however, when It was discovered 
that rainfall was being underestimated, 
largely because of the beam filling 
problem. The footprint of the Nimbus S 
Electrically Scanning Microwave 
Radiometer (ESMR5) is about 500 km^— much 
larger than the scale of many 
precipitation shafts. Due to the 
nonlinearity of the calibration curve, 
this results in an underestimation of the 
rainfall rate. Adler and Rodgers (1977) 
were forced to use an empirical (higher) 
calibration curve to estimate 
precipitation in tropical storms, for 
example. 

Frequently overlooked, however, is 
the fact that passive microwave 
observations do a good job in defining 
the area of precipitation. Comparison 
with radar echos showed that ESMRS data 
matched the echo areas well (Fig. 1). 
Kidder and Vender Haar (1977), using a 
simple thresholding technique, analyzed 
three months of ESMR5 data during the 
period DeccJiber 1972 through Feburary 
1973 to calculate the fr^uency of 
precipitation in the tropTcaT~Sceans 
(Fig. 2). Their calculations compared 
favorably with both climatology and 
independent observations of the frequency 
of highly reflective clouds (Ramage, 
1975) . 

Detecting precipitation over land is 
complicated by nonuniformity of 
background and lack of contrast? light 
rain and warm ground both appear dark 
(warm) in ESMR5 images. These problems 
were partially solved by the ESMR on 
Nimbus ^ (ESMR6) . It had a higher 
frequency (37 GHz versus 19 GHz) which 
caused brightness temperature to decrease 
rapidlv with rainfall rate. Thus rain 
appears bright (cold) against the 
background of warm earth. ESMR6 also 
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circle in (a) is the 233 km range of the 
radar. (After Kidder and Vender Haar, 
1976.) 



riGOM 2. PrtclpUation frequencies from data. (After Kidder and Vender Haar, 

the period December 1972 through February 1977.) 

1973 as estimated from Nimbus 5 ESMR 


made dual polarisation measurements, 
which could be used to separate rain from 
standing water. Durkee (1960), using a 
statistical technique to determine a 
threshold temperature and polarisation 
differences to eliminate water surfaces, 
was able to define raining areas in the 
north central U.8. during the summer of 
1975 (Fig. 3). Re also was successful at 
determining precipitation frequencies 
(Fig. 4), Rodgers et al. (1979), also 
using a statistical technique, napped 
raining areas in the southeastern U.S. 
They found, however, that dew and wet 
ground could cause problems. 

There still remain situations in 
which passive microwave radiometery has 
not been used to detect precipitation. 
Frosen precipitation is not 
well-detected, and liquid precipitation 
over cold land (T less than 266 K) has 
not been measured. Xt Is hoped, however, 


that new instruments such as LAMMR (Large 
Antenna Multifrequency Microwave 
Radiometer) plus additional research will 
solve these problems. 

3. CONCLUSIONS 

For climate monitoring it is 
necessary co employ stabile, accurate, 
long-lived instruments. Electrically 
scanning microwave radiometers, which 
have no moving parts, have shown 
themselves to be such instruments on 
Nimbus 5 and Nimbus 6. In addition, 
there must exist proven retrieval 
algorithms which yield useful parameters. 
Precipitation frequency is not as 
immediately attractive as precipitation 
amount, but it is adequate for many 
climate purposes. The statistical 
retrieval algorithms for precipitation 
frequency have shown good results in two 
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situations, and may bs sxpected to yield 
adequate results in others. Based on all 
of these factors, it Is reasonable to 
suggest that »rnatever instrumentation is 
chosen for the climate observing system, 
one of its ma^or goals rhould be the 
measurement of precipitate ' frequencies 
by passive microwave radiometry* 
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fXGUB£ 3. A comparison of precipitation 
area (solid line) determined from Nimbus 
6 ESMR data with raingage data (hundreths 
of an inch) for the hour durino */bich the 
satellite passed. (After Ourk 1980.) 
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rXGUBX 4, Precipitation occurences 
during June 1978 as determined from 
Nimbus 8 ENMli data. (After Durkee, 
1910.) 
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ABSTRACT 

Over most of the microwave spectrum, raindrops both absorb and 
scatter radiation producing large changes in brightness temperatures 
relative to clear or cloudy conditions. Since the structure of rain 
varies substantially for different rain rates and climatological 
backgrounds, the raindrop size distribution, the rain layer thickness 
and the ice clouds above the rain layer are all important inputs to 
the model computations. The subsequent m<> deling involves applying the 
Mie theory to derive the absorption and scattering effects and the 
radiative transfer computations to derive the brightness temperature. 
The radiative transfer calculation is based upon a variational 
iteratiave approach which takes account of the multiple scattering 
effect of Che rain layer. Results over both ocean and land 
backgrounds are demonstrated. It is shown that over ocean background, 
which is "cold" in Che microwave region, lower frequencies are 
sufficiently sensitive to rain conditions. Over land background, 
higher frequencies have to be utilized in order to obtain the 
sensitivity to rain rates. 

It is also demonstrated that by using discrimination t«ssts of Che 
radiometric data, the rain/ no rain decision can be made and Che 
rainfall rate can be retrieved from a statistical inversion 
technique. The shortcomings of this technique are: (1) the 

assunption of a homogenous field of view at different wavelengths can 
be erroneous, (2) the actual physical structure of Che rain layer may 
be significantly different from the one used in the climatological 
approach, and (3) the additional uncertainty which may be introduced 
because of the limitations of the radiative transfer algorithm. 

1. INTRODUCTION 

The basic concept of rain determination utilizing passive 
microwave measurements relies upon increases in absorption and/or 
increases in scattering of the raindrops which produce signatures very 
different from Chose found in Che absence of rain. At lower 
frequencies, such as 19.35 GHz, rain is highly absorptive and produces 
increasingly warm brightness temperatures over cold backgrounds such 
as the oceans. Wilheic et al. (1977) developed a technique of 
interpreting rain rate over oceans from data sensed by the 
Electrically Scanning Microwave Radiometer on-board Nimbus-5 (ESMR5); 
this instrtflient has a frequency of 19.35 GHz and senses the upwelling 
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radiation emitted by the earth and its atmosphere. At higher 
frequencies I scattering effects from the rain become more pronounced 
and can produce cooling effects relative to warm backgrounds such as 
land (Savage 1973). Since the effects of absorption and scattering 
increase with increasing rainfall rates at microwave frequencies, 
there is a basis for Che hypothesis Chat proper utilization and 
interpretation of multifrequency microwave measurements will permit 
estimation of rain rate values over both ocean and land surfaces. 

2. THEORETICAL MODEL 

2.1 Physical Model 

The structure of a rain layer varies substantially for different 
rain rates and climatological backgrounds. Therefore, physical 
properties of Che precipitation layer have Co be carefully defined 
prior Co model simulation. Drop size distribution, rain layer 
thickness, and Che existence of water or ice clouds of the rain layer 
are all factors which can have a considerable impact on Che radiative 
signcture. 

To accommodate Che variety of raindrop size distributions, the 
distribution derived by Deirmendjian (1964) was used to fit the 
empirically observed spectra of Laws and Parsons (1943). At low rain 
rates, the distribution is usually narrower with fewer large drops. 
Similarly, the mode radius generally increases with increasing rain 
rate. These characteristics are incorporated into the model 
distribution by calculating the shape parameters as a function of rain 
rate . 


The thickness of the rain layer and its coexistence with water 
and the clouds are considered next. For weak storms with low rain 
rates, the Cop of the rain layer generally does not exceed the 0<>C 
isotherm. However, for more intense convective storms with high rain 
rate, the thickness of Che effective rain layer grows with the 
addition of supercooled water above Che freezing level. The height of 
this supercooled layer is primarily a function of the convective 
forces at work in the storm. These forces are variable, but in 
general, are correlated with rain rate as well as climatological 
factors. For example, Che potential for convection is typically 
greater over land than water. In addition, Che convective forces vary 
with latitude, reaching maximum strength over the mid'latitudes . 

2.2 Radiative Transfer Model 

The effects of hydrometeors on microwave radiation can now be 
carried out. Calculation of Che absorption and scattering effects of 
rain are based on Che Mie theory. The approach of Gaut and 
Reifenstein (1971) incorporates the Mie theory, computes the 
efficiency factors, and integrates across specified drop size 
distributions to determine the total extinction, absorption and single 
scattering albedo for each atmospheric layer. The computation of 
brightness temperatures for rain conditions then involves solving the 
radiative transfer equation. The variational-iterative approach 
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(Sse 1976; Burke and Sze 1977) is used. This method provides a direct 
way for construction of an approximate solution for the source 
function, and then through iterations, a solution to the desired 
accuracy is obtained. Using this approach, it was possible to compute 
brightness temperatures for a wide range of rain and atmospheric 
conditions and to determine the sensitivity of microwave radiometers 
to realistic precipitation situations. 

3. RESULTS 

3.1 Results of Inversion from Simulated Precipitaton Data 

The basic tool used for retrieving rain rate estimates frcm the 
brightness temperatures is the Statistical Parameter Inversion Method 
(e.g., Gaut 1967). The method seeks out significant statistical 
correlations betweer. the simulated brightness temperatures and their 
associated parameters. It starts from an ensemble of simulated 
scenes. These scenes are represented by brightness tempertures 
associated with the physical parameters. The resulting corelations 
are contained in an inversion matrix. 

Tests for rain rate inversion are carried out by utilizing 
brightness temperatures of 19 GHz H (Horizontal), 22 GHz V (Vertical) 
and 37 OTz (V and H) over the ocean and 37 GHz and 85.5 GHz (both V) 
over land. These are the channels to be used on a microwave 
radiometer sensor on*board a future Defense Meteorolc<^ical Satellite 
Program (DMSP) satellite. The sensor's look angle with respect to the 
earth's surface is a constant of 53*3. 

A no rain or maybe rain decision test is carried out first. An 
example is demonstrated for a summer tropical ocean background. If 
either Tg (37 GHz V) - Tg (37 GHz H) < 25<>K or Tg (19 GHz H)>190°K, 
inversion for rain rate estimate will be carried out. The simulated 
brightness temperatures as a function of rain rate for four different 
channels are presented in Figure 1. The scatter of the simulated data 
is mainly due to surface variabilities (temperature and wind speed) at 
lower rain rates and various cloud and ice contaminations at higher 
rain rates. The overall rms error of inversion is approximately 
1.5 mm/hr. 

Similar procedures are carried out for a mid-latitude land 
background of spring and fall. If Tg (37 V) < 270«K, inversion 
‘or the rain rate estimate will be carried out. The simulated 
brightness temperatures as a function of rain rate are presented in 
Figure 2. The scatter of the simulated data is greater than that for 
an ocean background. The reasons are twofold. First, the land 
background is much warmer in the microwave range and thus produce more 
relative noise in the data. Secondly, the mid-latitude region 

(25o - 550 latitude) includes a wider range of climate variations 
which results in different physical structures of the rain layers. 

The overall rms error of inversion is close to 3 mm/hr. 
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4. DISCUSSION AND CONaUSION 


The results of this investigation show that it is feasible to map 
surface rainfall rates using a multifrequency passive microwave 
satellite sensor system. Over an ocean background, the rainfall 
retrieval is more accurate due to the f«ct that thermal emission from 
rain is more pronounced against the radiometrically cold ocean 
background. Over land background, higher frequency sensors are needed 
in order to observe radiometric cooling due to the scattering effect 
from precipitation-size droplets. 

Many aspects of the remote sensing of rainfall using passive 
microwave sensors still require further investigation. One example is 
the model for rain layer thickness as a function of the rainfall rate 
and climate region. In this paper, the model was adopted from Crane 
and Blood (197?); it is based on long-term statistics which indicate 
that the thickness of the rain layer (or the region of wet particles) 
increases as mote intensive convective storms with hi^er rain rate 
develops. However, there are also other controversial theories; for 
example, Wilheit et al. (1977) assunaed constant rain layer thickness 
and Lovejoy and Austin (1980) defined an effective rain layer 
thickness which decreases significantly with rainfall rate and becomes 
much less than the height of the freezing level. Thus, detailed 
studies of the physical structures of the rain layer at various rain 
rates for different climates are urgently required since these 
structures impact substantially on the response of microwave 
radiometers. 

Another problem arises because a typical satellite field of view 
for microwve sensors can be larger than the rain cell size. Moreover, 
there is usually only one antenna for the multi-channel radiometer 
system which results in different ground resolutions for different 
frequencies. Rosenkranz (1978) has attempted to use a space filter 
technique to characterize the resulting remote sensing system by an 
impulse response matrix in ordering space or by a transfer matrix in 
frequency space. Improvement of the sensor spatial resolution or the 
use of hi^er frequencies can also be a solution to this partial 
beamfill problem. 

In addition to the physical rain model and the field of view 
problems, the radiative transfer algorithm can also be a challenging 
area especially at higher frequencies due to the more complex 
scattering effects of rain droplets and the lack of data. The rms 
inversion errors presented are only meant for mathematical consistency 
and may not be true for the real world because of the above problems. 
Further research efforts should include both theoretical and 
experimental programs in order to evaluate more completely the value 
of radiometric techniques for the monitoring and mapping of rainfall 
over both ocean and land surfaces. 
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Figure 1, Simulated brightness temperatures at 19.35 GHz CH) , 
22.235 GHz CVl , 37 GHZ (V and H) for a look angle of 53® as a 
function of rain rate over a tropical ocean background during 
the summer. 



Figure 2. Simulated brightness temperatures at 37 GHZ (V) 
and 85.5 GHz fV) for a look angle of 53® as a function of 
rain rate for a mid-latitude land background during the 
spring or fall season. 
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1. Introduction 

Considering today’s satellite technology, 
the only realistic method of monitoring synoptic 
scale (approximate time :cale of 10 h and space 
scale of 1000 km) rainfall, particularly over 
water, Is through the utilization of passive 
microwave sensors flown on the polar orbiting 
satellites. It has not been vigorously denxjn- 
strated that visible and Infrared sensors flown 
on the polar orbiting satellites can be used to 
monitor rainfall from measurements of cloud top 
temperature cr brightness. There Is sometimes 
very little differe-ice between the visible and 
Inf^-ared signatures of precipitating and non- 
precipitating clouds, particularly the upper and 
middle tropospheric clouds producing stratified 
rainfall. However, there appears to be more 
promise In using the Infrared and visible sensors 
to monitor convective rainfall If the cloud 
signatures are measured at a shorter Interval 
from geosynchronous satellites (Negri and Adler. 

Scofield and Oliver, 1979; Griffith et al., 
1978) although this technique again falls for 
stratiform rain. 


To demonstrate the success of utilizing 
passive microwave sensors in ncnitorlng 
synoptic scale rainfall, two studies will be 
highlighted In which Electrically Scanning Micro- 
wave Radiometer (ESMR-5 and 6) on board Nintus 5 
and 6 were employed using a Langrangian frame of 
reference for the purpose of monitoring rainfall 
and moot ton ny and predicting storm Intensity. The 
first study suggests a method of utilizing ESMR-5 
measurements to quantize rainfall over water 
within tropical and extratropical storms and to 
use these measurements to monitor and possibly 
p»^dict storm Intensity (Adler and Rodgers, 1975; 
Wler and Rodgers, 1977; and Rodgers and Adler, 
1981). 


The second study suggests a method of monitor- 
ing the coverage and movement of synoptic rain over 
land by employing ESMR-6 (Rodgers et al., 1979). 

2. ESMR-5 Study 

The release of latent heat through condensa- 
tion and precipitation is Important In the 
energetics of both tropical and extratropical 


cyclones. The Intensification of tropical 
cyclones are related to the interaction of 
convection-scale tation and the synoptic 

scale flow field L r.rrev and Eliasen, 1964). 
Without the energy by latent heat 

release, tropical cyclone*': could not be 
maintained and hurricanes and typhoons coulo 
not be generated. The observation of precipi- 
tation In tropical disturbances Is ;therefore, 
of obvious Importance. 

Latent heat release In extratropical storms 
is not related so closely to storm energetics 
as Is the case with tropical systems. Extra- 
tropical cyclogenesis can be modelled 
successfully using a dry model atmosphere. 
Barocllnic Instability Is the principal 
mechanism of development. However, rapid 
cyclogenesis and intensification appears to be 
related to the release of latent heat, which 
enhances the upward vertical motions and there- 
by accelerates the conversion of potential to 
kinetic energy (Oanard, 1964). In addition, if 
adequate moisture Is available, the magnitude 
of the latent heat release in the rain shield of 
an extratropical storm should be an indicator 
of the intensity of the upward vertical motion 
and hence, also an indicator of the energy 
conversion which leads to intensification. 

Estimates of rainfall rate over oceans can 
be made with data from Nimbus 5 Electrically 
Scanning Microwave Radiometer (ESMR-5). This 
instrument is a passive microwave radiometer 
measurinq emitted radiation in the 19.35 GHz 
(1,55 cm) region with a spatial resolution 
of 25 km at nadir. A description of the in- 
strument and a discussion of the relevant 
physical relationships are given by Wllheit 
(1972). Over water, the microwave radiation 
emitted by the earth and atmosphere (expressed 
In terms of brightness temperature, T.) Is 
affected primarily by the state of the sea 
surface, atmospheric water vapor, and atmos- 
pheric liquid water. Liquid water, '.n the form 
of drops of the size associated with rain, is 
the dominating factor In the var1at1o:i of T, 
over water. 
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0 Brightness temperature- rainfall rate 
relationship 

Wllheit et al. (1977) derived an ESMR-5 T. 
rainfall relationship for 19.35 GHz using a ° 
radiative transfer Tiodel. The model assutws a 
Harshal 1-Palmer drop size distribution and 
limits the vertical extent of the rain to the 
height of the O^C isotherm (freezing level 
height). A layer of 25 x 10-3 g cm^2 Hqyid 
water content (LWC) is assumed for 0.5 km 
layer just below the freezing level. A relative 
humidity profile linearly decreasing from 100% 
at the freezing level to 80% at the surface is 
used. Upwelling radiance is then calculated 
for various rainfall rates and for various 
freezing level heights. The calculated 
radiance, convertible to T« also contains the 
implicit assumption that from a satellite data 
perspective, the Instantaneous Field of View 
(IFOV) is filled with rain at a constant 
rainfall rate. The beam- filling problem, the 
lack of information on amount of cloud LWC 
and water vapor contribute to errors and 
uncertainties in estimating rainfall rate from 
ESMR-5 Tg values (Lovejoy and Austin, 1980). 

Preliminary calculations indicated that the 
total stonn rainfall calculated using the model - 
derived relationship for the appropriate 
freezing level heights gave values systemati- 
cally too low in comparison with previous 
studies using in-si tu measurements. This was 
true even for cases of typhoons where the 
scale of the precipitation was large enough so 
that the field of view problems were minimized 
In order to avoid these problems, an empirical 
relationship derived by comparing ESMR-5 T« 
values with radar-estimated rainfall ratis^was 
used. 

The ESMR-5 Tg-radar comparisons were made 
on June 20 and July 7, 1973, and June 24 and 
25, 1974, when distur^d, with synoptic-scale 
rain, was occurring off the Florida coast. The 
rain rates in these disturbances were measured 
by a calibrated digitized National Weather 
Service WSR-57 radar at Miami. The rain 
system observed by the CSMR-5 and the radar 
had many features in common with the distur- 
bances and depressions observed in the western 
Pacific. The average temperature (the 
average freezing level 1$ M.S km) and moisture 
profiles for the rain -comparison used were 
quite similar to what is found In the average 
western Pacific disturbance or depression 
(Gray et al., 1975). Although the freezing 
level height is not a very good measure of 
rain-layer depth, especially in convective 
situations where liquid water droplets can 
exist at temperatures at least as cold as -10 
to -15^C, it may be a good relative measure of 
rain-layer depth averaged over a large area 
(such as a tropical disturbance or typhoon). 
Since the temperature and moisture profiles 
for the ESMR-5 T.-radar comparison cases appear 
similar to those®for western Pacific distur- 
bences and depressions, the assumption that 


the rainfall characteristics (e.g., LWC, ram 
rates, height of the effective rain layer) are 
similar appears justifiable. Therefore, an 
empirical relationship derived from a data 
set taken under similar environmental conditions 
should be valid for use in calculations of 
rainfall for western Pacific Ocean disturbances. 

However, to estimate rain rate In western 
Pacific typhoons where the average freezing 
level is -vS km (Frank, 1977; Bell and Kar-Sing, 
1973), the height of the effective rain layer 
must be raised. Since there are no simultaneous 
ESMR-5 Tg and radar measurements of rain rate 
in western Pacific typhoons, the derived 
empirical relationship was adjusted according 
to calculations of Wilheu et al , (1977). 

Another advantage of the empirical 
approach is that it helps alleviate the field 
of view problem. The radar-estimated rainfall 
rate values were available with a much higher 
horizontal resolution than the ESMR-5 data. 

Each satellite data point is compared to the 
average rainfall rate within the ESMR-5 IFOV 
rathem than assuming a constant rainfall rate 
over the area as was done in the model calcu- 
lations. 

0 Method of calculation 

After a small adjustment to the ESMR-5 Tg 
for scan angle and diurnal variation (Adler 
and Rodgers. 1977), the rain rate for each scan 
point of each satellite pass confined to a 
circular area of 444 km radius centered at 
the tropical cyclone center of circulation, was 
computed using the adjusted empirical relation- 
ship. The center of circulation was based on 
the microwave image and concurrent THIR image 
and storm location from 1973, 1974 and 1975 
Annual Typhoon Report. The center of circula- 
tion is usually well defined in the microwave 
data, particularly for more mature systems. 

For disturbances and depressions, a center of 
circulation Is less discernible in the images 
and usually not documented in the Annual 
Typhocf; Report. However, it can be estimated 
from the curvature of the rain bands as 
observed from ESMR-5. No horizontal 
variation of the temperature and moisture pro- 
files and the rain-layer depth was considered 
even for mature storms when substantial 
horizontal gradients of these parameters are 
present near the center. 

The latent neat release (LHR) over an area 
is given by 

LHR -Lc Ada. 0) 

A 

where o is the density of the rain (assumed to 
be equal to 1.0 x 103 kg m-3) L the latent 
heat of condensation (2.5 x 10® J kg*M* ba the 
incremental area, and A the area of Integration- 
The integration is performed over circular 
areas of radii 111,222, 333 and 444 km from 
the center of circulation. As previously 
mentioned, the rainfall rate R was determined 
from the rainfall rate and ESMR-5 Tg empirical 
relationship. In addition to storm^’LHR 
calculations, the radial 
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distributions of rainfall rate and the fraction 
of rainfall contributed by rain rates >5 mm h"^ 
[hereafter called the precipitation intensity 
parameter (PIP)] , arc also examined In 
reference to tropical cyclone Intensity. 


)ypr\oon Patsy (October 9, 1973), which 
a small storm that had a maximum surface 

of only 3% , “-HR 


Adler and Rodgers (1977) discussed sources 
and the possible magnitude of the errors 
affecting the ESMR-5 derived rainfall para- 
meters. Because of the sensitivity of the 
absolute values of these rainfall parameters to 
possible errors due to the ESMR-5 IFOV, scan 
angle, ESMR-5 Tg rainfall rate relationship, 
selection of rain depth and ESMR-5 calibration, 
the emphasis In this paper Is on relative 
changes with time and on spatial variations in 
the same storm. 

0 Case Study data 

There were 71 ESMR-5 observations of 21 
western end eastern North Pacific Ocean 
tropical cyclones at different stages of 
development during 1973, 1974 and 1975. There 
are 49 observations of 18 western Pacific 
tropical cyclones and 22 observations of 3 
eastern Pacific tropical cyclones. No attempt 
was made to Include Ncrtn Atlantic tropical 
cyclones due to the lack of ESMR-5 observations 
caused by a satellite Interrog tion problem 
over the Atlantic Ocean and the small number 
of tropical cyclones during the years ESMR-5 
was operating. The sample of ESMR-5 observa- 
tions of the western Pacific Ocean tropical 
cyclones In this study was restricted to an 
area located between the equator and 25°N and 
east of 125®E. This eliminated storms which 
had recurved or crossed the Philippine Islands. 
Over both the eastern and western Pacific 
Oceans, a restriction was made on the width of 
the ESMR-5 swath that was used In each obser- 
vation. As previously mentioned, only storms 
that fell within 4QO of nadir (^2000 km ground 
swath) were used. This allowed some stonm 
observations to be lost between swaths. Since 
ESMR-5 was operational only part of the time 
between December 1972 an'' January 1975 and 
becasue of the narrow swath and imposed geo- 
graphic restriction, only 71 ESMR-5 tropical 
cyclone observations were available for this 
study. 


11. Results 

0 LHR 

Fig. 1, which shows the relation between 
Intensity [maximum winds (m s-l)]tnd IHR for 
a circular area 444 km In radius. Indicates 
a positive correlation. The cross marks depict 
tropical disturbances with their intensity 
arbitrarily plotted at 10 m s-^ Circled 
crosses and dots depict smell storms as reported 
in the Annual Typhoon Reports. All values 
are calculated based on the $ km freezing level 
rtlitionshlp. THere 1$ a large scatter In the 
diagrams, but there is still an obvious 
correlation between stom inttnsU* and stem 
LHR. .»;# linear correlation coefficient was 
0.71 with an average error estimate in the 
maximum wind of 10,1 m i**. The F ratio test 
determined this relationship to be significant 
at the 1% level. Ambiguous results occur, 
however, when observing small storms. For 


eSMR.robser^ons 

to monitor tropical cyclone 

cyclone was first named (storm 
stage or greater with maximum winds >17 m s’') 
and sometimes prior to the aircraft ~ 

this 

^ ^ for each 

cyclone observation relative to the 

TKavy iSe^i^^fh*’ 

eavy ?me in the middle represents thl^ 
reference time and the negatlvl'^^^osltlve) 

'TP'’*®*"* the number of days prior to 

Th the tropical cydone 

I? ^present tropical cyclone observa- 
"laxlmum winds <J 2 m s-1 and th^ 
tropical cyclone observa- 
32 m s-1^^ nUlT™ '*^"*^* sreater or equal to 

that 

smIh*!!*^-^*** *torm stage. The 
g?Jin by"* * ‘I''«<l'-«tlc fit to the data 

LHR • 1, 8947 ^ 0.00086 h *0.00018 h2 (2) 

where LHR Is latent heat release In lo'^ and 
at day -5 and continuing 
eonsKutlvely to day *5. The correlation 
coefficient 1$ 0.73 with an average error 
estimate In the LHR of 2.08 x 10^’w. 

The fitted curve In Fig. 2 suggests that 
t^ Increase In the storm LHR begins one to 

TM.'^iM.Jrl'"' It *torm Is named. 

I*** <"trea$e In LHR may 

Intensification. After 
•’•comes named. LHR is 
Increase with time even 

whlch\^S*^r« “’’‘•'•''•‘•o'’* (*o«» of 

observations of small tropical 
cyclones) that indicate low LHR values. 

*™®lca1 cyclones that ESMR-5 

detect tropical cyclone Intensification 1-2 

*2 •"formation 

tlj'-t^ore. supplament Information 
flight^ current aircraft reconnaissance 

0 PIP and Radial Distribution of Rainfall 

Fig. 3 (same format as Fig. 1), which 

PlP^JilSl between storm Intensity and 

rIP value Indicates a similar positive, but 
4 poorer correlation than that In Fig. 1. The 
linear correlation coefficient was 0.52 with 
;; fP'- «tlmate In the maximum wind 

Jh. *'*® *0 be significant at 

wk »y*t»*» (whose 

thi p?r.2 0"' •0«4> to a depression) 

the PIP everage 1$ ‘><0.24 even though thera arc 
four values >0.35. This Indicates that the 
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rain in the weak and developing storm is 
primarily light (rain rates <5 mm h*l). This 
does not rule out small. Intense showers, but 
means that on the scale of the IFOV of ESMR-5 
{>625 k«i2 ) relatively light rain prevails. For 
tropical cyclones at stronger Intensities, the 
PIP increases from an average of 0.33 at storm 
stage to an average of 0.39 at typhoon stage 
(this Includes Super Typhoon Nora). Thus, as 
the storms intensify, more of the LHR is 
being contributed by rainfall rates >5 mm h*‘. 
Typhoon Patsy (October 9, 1973), the “smair* 
typhoon in Fig. 3 has a PIP value of only 0.16 
along with a low value of storm LHR. 

The variation of rainfall Intensity with 
storm Intensity Is also shown In Fig. 4. This 
diagram shows the distribution of volume rain 
rate per unit rain rate (units in terms of area) 
as a function of rain rate for the composite 
tropical cyclone at four different stages of 
development. The numbers within the parenthe- 
ses Indicate the number of ESMR-5 observations. 
This parameter Is computed for a circular area 
of 444 km distance from the center of circu- 
lation. The area under tiie curve Is the volume 
rain rate In the storm, which Is proportional 
to LHR. It is seen that as the composite 
tropical cyclone Intensifies, the area under 
the curve grows, indicating rising LHR, and 
there is also a greater relative contribution 
to LHR from rain rates >5 mm h’’ 

Fig. 5, which shows the radial distribu- 
tion of rain rate for the composite tropical 
cyclone at different stages of development, 
illustrates the increase of rain rate with 
intensification (the nianbers within the 
parentheses given the number of ESMR-5 
observations). It is seen that as a tropical 
cyclone intensifies, the rain rate at all 
distances from the center of circulation 
increases. At a radial distance of 'n. 80-100 
km from the center of circulation, there Is 
a maximum in rain rate for all stages. There 
is no indication from these turves that the 
maximum rain rate moves toward the center 
with increasi.'g intensity. However, the 
contraction of the rain maximum toward the 
center is weakly observed in the mean 
fractional amount of LHR within 222 km. 

This parameter increases from 0.44 at de- 
pression stage to 0.51 at storm stage to 
finally 0.53 at typhoon stage. A decrease 
was noted as the mean tropical cyclone 
developed from disturbance (0.47) to 
depression (0.44), which may be due to the 
difficulty in locating the center of cir- 
culation at disturbance stage. 

b. Extratropical Cyclones 

1. Oita preparation and calculation 

0 Brightness temperaturt-rainfall 
rate relationship 

In this study, the LHR was calculated 
using the same method as that used for the 
tropical cyclone study. However, rainfall rate 
was obtained from the ESMR-S T. by using the 
radiative transfer model described by Mllht^t 
ft al. (1977). /^aln. It must be emphasized 
that because of the sensitivity of the abso- 
lute values of the rainfall estimate to 


possible errors, emphasis will be on relative 
changes. One of the largest source of errors 
in this study is that caused by the selection 
of the rain depth. Because of the v«-iable 
freezing level within an extratropical system, 
the aboslute value of rainfall estimates may 
be more guestionablc than in the tropical 
cyclone study. What is needed to resolve this 
problem is Independent temperature profile data 
within the storm as possibly measured from a 
microwave sounder. 

0 Case Study 

Observations at seven times were obtained 
from September 6-10, 1974. A freezing level 
height of 4 km was assumed based on coastal 
radiosondes and National Meteorological Center 
(NMC) analyses over the North Atlantic 0t,an. 

The LHR Is calculated over the area of rain In 
the ctorm's rain shield, exlcudlng precipitation 
along the trailing cold front. 

The e.itratropical cyclone case Involved 
cyclogenesis just off the eastern coast of 
North America. Two of the observations show 
a portion of the rain areas touching the coast. 
Surface observations also indicate rain along 
the coast. Using the surrace observations and 
the ESMR-5 data, the rainfall rate distribution 
over the land was approximated and Included in 
the LHR calculation. These two calculations 
win be Identified in the presentation of the 
results. 

11, Results 

The storm began to develop on September 
7, 1974, just off New Jersey. During the sub- 
sequent three days. It moved east-northeastward 
across the Atlantic Ocean Intensifying to a 
central pressure of 973 mb, and then weakening. 
The calculated LHR magnitudes are shown in 
Fig. 6 along with the central low pre*>ure of 
the storm as an Indicator of storm Intensity. 

In Fig. 6, the LHR values art those which result 
fror» the Integration over the entire rain 
shield. The two occasions when a portion of 
the rain shield was over land, so that the 
rainfall rate there had to be approximated, are 
shown as circled data points In the diagrams. 

The LHR calculatlor* are for the area of 
steady rain in the storm's rain shield, 
generally located to the northeast, north and 
northwest of the storm center. Precipitation 
along the trailing cold front Is not included. 

In general, the dividing point between cold 
fTont rain and rain shield precipitation Is 
easily defined in this case. The one excep- 
tion is the last observation, at 12 GMT 
SepteffR>er 10. At this point, the storm was 
very occluded and there were two mein areas 
of rain. Including both areas io the calcu- 
lation results in the point connected by the 
solid line in Fig. 6. If the computation is 
performed with just the northern-moist erea, 
the point connected by the dotted line 
results. 

The first closed Isobar (denoting cyclone 
fonwtion) Is found on the 18 GMT September 7 
surface mep. Intensification of the low 
followed shortly. Before this formation and 
Intensification, the LHR shows an Increase of 
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over SOX. Although tivo of the points upon 
which this observation Is based are the ones 
which Include the estimated land precipitation, 
the change Is large enough and the land 
contribution small enough that the observation 
of the Increase Is still valid. This Implies, 
at least in this case, that an increase In 
LHR precedes cyclogenesis. This Is reasonable 
If there Is adequate moisture available. The 
energy for development Is dependent on 
vertical motions, and the release of condensa- 
tion heating enhances the upward vertical 
motion and, therefore, should lead to 
Intensification (Oanard, 1964). 

The maximum LHR took place on September 8, 
preceding the period of most rapid pressure 
decrease. The storm* s lowest pressure was 
then recorded 24 hours later. Therefore, the 
decrease in LHR recurred before the decrease In 
storm Intensity. Thus In this case, there 
appears to be a tendency for changes in LHR 
to precede tfe changes In storm Intensity. 

Pig. 7 shows the area of precipitation 
during the life cycle of the storm. This 
parameter also shows the Initial Increase and 
the later decrease. The maxi mum area Is found 
to occur at 03 OMT September 9, although the 
observation Inwedlately preceding Is almost as 
large. This Is In contrast to the LHR In 
Fig. 6, which nad a sharp peak on September 8. 
The difference is In the mean rainfall rate. 

The maximum average rainfall rate coincides 
with the maximum LHR In Fig. 6% For the 
Integration over the entire rain shield, the 
maximum Is 2.4 mm hr-'. Over the limited area 
of maximum rainfall. It Is 4.1 nw hr-1. These 
are reasonable values and crj.pare with thcie 
of Dai;a*vl (1964) . 

It Is Interefting to note that cyclogenesis 
occurred with the precipitation area expanding, 
but the mean rainfall rate hold constant. 

Then as the area continued to enlarge, the 
rainfall rate also went up, producing the 
maximum LHR. The decrease in LHR occurred with 
lowering values of both parameters. 

3. 6SMR-6 Study 

Savage and Weinman (1975) and Savage 
et a1. (1976) demonstrated theoretically that 
a 37.0 GHz (the frequency at which the Nimbus- 
6 £SMR sensor measures upwelling radiance] the 
scattering by hydrometeors Is strong enough 
to provide a qualitative estimate of rain 
coverage over land. Furthermore, Weimn and 
Guetter (1977) demonstrated from a theoretical 
consideration that the upwelling radiation 
at 37.0 GHz imeralng from rain clouds was 
essentially unpoiarlzed and, therefore, was In 
contrast with the radiation emanating from 
wet surface background. According to the 
electromagnetic theory. If the emissivlty 
of a surface Is reduced '>y Increasing its 
dielectric constant (as by adding Mlsture). 
then the large emissivlty will be highly 
polarized when the surface Is viewed obliquely. 

Thus, the sum and substance of these 
theoretical Investigations is that the 


obliquely viewed 37 GHz radiation emitted by 
wet soil surfaces is polarized (Tv>Th), 
whereas radiation emanating from dry land or 
heavy rainfall areas Is essentially unpolarized 
{Tv!^ Th). Moreover, T-‘s upwelling from dry 
land areas are dlstlngolshably higher than 
those from heavy rainfall areas or wet land 
surfaces. Hence, according to these theoreti- 
cal conclusions rainfall over land can be at 
least qualitatively delineated and, therefore, 
its coverage ard movement ^an be monitored 
Irrespective of the land w^ck ground by employ- 
ing 37 GHz I'Tieasuremcnts from the ESMR on board 
Nimbus-6. Quantlative measurement of rainfall 
Over land, using a 37 GHz radiometer, however, 
ap(K>ars less promising. 

It Is the purpose of this study to sub- 
stantiate the above conclusions and to arrive 
at an algorithm for the detection of rain over 
land by statistically analyzing ESMR-6 data. 
This statistical analysis will be performed by 
first sampling three categories of ESHR-6 
To’s (re^ resenting rain over land, wet land 
surfaces without rain and dry land surfaces), 
then testing these populations for uniqueness 
and separability, and finally developing a 
classification algorithm to delineate rain 
over land. 

a. The ESMR-6 System 

The ESMR-6 system flown aboard Nimbus -6 
(Hllhelt, 1975) receives the thermal radiation 
upwelling from the earth's surface and atmos- 
phere In a 250 HHz band centered at 37 GHz. 

The antenna beam scans electrically an arc of 
70^ In 71 steps ahead of the spacecraft along 
a conical surface with a constant earth inci- 
dence angle of 40® every 5.3 s. The nominal 
resolution 1$ 20 km crosstrack and 45 km 
downtrack. The instrument measures both 
horizontal and vertical polarization components 
by using two separate radiometric channels. 

T^ data are calibrated using warm (Instrument 
ambient) and cold (cosmic background) Inputs 
to the radiometer. 

The Tg, as observed from the satellite. Is 
dependent open the emission from the earth's 
surface modified by the Intervening atmosphere. 
The emissivlty, a function of the dielectric 
constant, 1$ variable over land surfaces 
(depending on vegetation, soil type, solid 
moisture, etc.) ard generally Is large 
(*'-0.9). In rain situations, three constituents 
contribute signficertly to the absorption: 
molecular oxygen, water vaoor and liquid water 
droplets. Water droplets contribute more 
significantly to absorption and retmittance 
than the other constituents and are the only 
source of scattering at this frequency. Ice 
crystals are essentially transparent at this 
frequency. 

b. Data Sampling 

Simultaneous ground station and radar 
measurements of rain and ESMR«6 T. were needed 
In order to develop an algorithm flhich 
classified a given ESMR-6 IFOV as rain over 
land, dry land surface or wet land surface. 
Eight daytime synptic-scalt rainfall casts 


D*238 



ORlWMi. r;u;u- (£ 

Of fOvn q'jauty 


over the southeestern United States were 
used where surface rainrate data taken from 
stations reporting hourly rainfall amounts and 
from the WSR-57 radar coincided with Nimbus -6 
overpass to within 5 min. The surface 
temperature in each of these cases was not 
less than S^C. Rain areas were sampled within 
areas delineated as rain by eltherthe WSR-S7 
radar (rain rates >2.5 m h-1) and/or the 
stations reportlng^ourly rainfall amounts. 

The dates and time of the occurrence of these 
cases are given In Table 1. Wet land surfaces 
were sampled upwind and adjacent to the ra1n> 
cells observed on the USR-57 radar,and dry land 
surfaces were sampled over .reas where rain 
had not fallen within a 24 h period, previous 
to the N1mbus*6 pass. 

c. Statistical Analysis 


Elementary statistics of the total sampled 
data (ESHR-6 measurements where surface 
thermodynamic temperatures were greater than 
S^C) are presented In Table 2. The table gives 
for «ich category the sample size, the mean and 
standard deviation of the horizontally and 
vertically polarized T., and the correlation 
and the mean difference between horizontally 
and vertically polarized T.s. These data are 
also shown as a scatter plot In Fig. 8. In 
this figure, the C represents the mean of the 
population and each frequency concentration 
ellipse encompasses 68% (one standard deviation) 
of the data within the population. The 
ellipses reveal the extent of scattering of 
data from each population, the correlation 
between the dual polarization T.s (T^ and T ) 
within each eccentricity ofthe ellipse), and 
the extent of overlap among the populations. 

The three concurrent lines dratm In this 
figure are the Fisher (1938) linear dlscrlml- 
nant lines, which separate two-by-two, the 
rain over land area the dry land surface 

(Sq), and the wet land^urface (S ) populations 
represented by the Tj pairs (T^, T ). 


It can be seen from Fig. 8 and Table 2 
that T.s from rain areas over land are colder 
than those T.s from dry land surface are^s. 
Further, the difference between the mean 
horizontally and vertically polarized T.s 
from rain areas over land (6.45 t) Is mBch 
smaller than that for wet land surfaces (16.81 
K). This Is In accordance with theoretical 
findings that microwave radiation emerging 
from hydrometeors Is essentially unpolarized 
(Weinman and juetter, 1977), whereas radiation 
emanating from wet land surfaces Is polarized. 
It Is also seen from Fig, 8 that the largest 
overlap occurs between the data obtained from 
rainfall areas * i wet land surfaces. The 
reason for thi s that sometimes In sampling 
rain over land, the total upwelling radiance 
received by the radiometer contains a direct 
surface contribution. This fiiay occur when 
an IFOV of the ESM-6 measurement Is partially 
filled with moderate to heavy rain or when it 
Is completely filled with light rain (back- 
ground being wet land surface). Consequently, 
the T.s for each category are somewhat similar, 
thus producing the overlap between rain over 
land and wet land surface classes. 


Since the surface emission is given by 
eTs, where e Is the surface emissivity and Ts 
is the surface thermodynamic temperature, 
there is an influence of Ts on ESMR-0 measured 
dry land surface Tg. A decrease in Ts results 
in a decrease In T^ from dry grounr and 
consequently, the Tp contrast between dry land 
surfaces and rain over land will also decrease. 

The Chi-square test shaved that the 
ESMR-6 data from each population were normally 
distributed and the F test showed that the 
populations were statistically distinguishable 
from one another (Rodgers et al., 1979). 

However, the F test showed that the difference 
between rainfall over land and wet land 
surface T-s is smaller than those of the 
other two®pa1rs. This Indicates that it will 
be more difficult to distinguish an area of 
rain over land from wet land surfaces. 

b. Classification Algorithms 

Since the populations were found to be 
statistically dlstinguishaole and satisfied, 
the Gaussian frequency distribution, the 
Bayesian classification technique was consider- 
ed with the purpose of developing an efficent 
and effective classification algorithm to 
detect and delineate active rainfall over 
land from dry and wet land surfaces. 

The Bayesian classifier Is a Gaussian 
parametric maximum likelihood quadratic 
classifier, which requires the knowledge of 
the a priori probabilities for the occurrence 
of each class (Ouda and Hart, 1973; Fu 
et al.. 1969). It minimizes the average loss 
due to misclassificatlon while assuming that 
each misclassificatlon is equally costly. 

The Bayesian algorithms also has the 
capability to classify at a given confidence 
level. 

This maxiumi likelihood decision rule 
selects one class from a set of predetermined 
classes to which a pixel represented by 
xe(Tj.. T ) wst likely belongs. The associat- 
ed confiJIence value measures the distance In 
probabllstic temw of x from the mean point 
of the selecUd class. The hypothesis that 
a pixel actually belongs to a selected class 
may be accepted or rejected based on this 
confidence value. If the confidence value 
Is greater than a predetermined value, the 
hypothesis Is accepted and the pixel Is 
pot in the seltcUd class; otherwise, the 
hypothesis Is rejected and the pixel Is put 
In the unknown class. The problem, cf course. 
Is to assign the appropriate values for 
thresholding the confidence value paramete* . 

e. Algorithm evaluation 

A case not previously used In sampling 
was tested to verify qualitatively the 
performance of the Bayesian classification 
algorithm. This case consisted of a synptlc- 
scale rain pattern over the sou thet's tern 
United States (September 14, 1976), which was 
observed by the ESMR-6 sensor (surface 
thermndyn«m1c temperature >15®C). Fig. 9 shows 
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the rainfall area delineated by the WSR-57 
radars and hourly rainfall reporting stations. 
The approximate time of the radar PPI images 
was 1630 GMT (within 5 min of the Nimbus-6 
pass). The reporting times of the hourly 
precipitation amounts were 1500, 1600 and VOO 
GMT. The shaded area within the WSR-57 radar 
PPI range (232 km) Is rainfall area with rain 
rates >2.5 mm h'1 . The radars were located at 
Waycross and Macon, Georgia; Charleston, South 
Carolina; and Wilmington and Cape Hatteras, 
North Carolina. Surface station data (present 
weather, temperatures, cloud type and amount, 
precipitation amount in 3 hours, and wind 
velocity and direction) were taken at 1800 GMT 
Hourly rainfall Is also sho^tn. (See model 
In Fig. 9). 


The Bayesian (70% confidence) classifica- 
tion maps are seen In fig. 10. Areas of 
clouds most likely o»-oduc1ng rain are delineated 
by the Nimbus-6 THlR 11.5 um channel^where 
equivalent blackbody temperatures Tqq‘‘< 270 K 
(Shenk et al., 1976). Rain areas lR tFie 
absence of rain producing clouds are considered 
misclassificatlons. Regions only covered by 
clusters of contiguous pixels classified Into 
a single Individual class are shown, since the 
probability of misclassifying clusters Is much 
less than that of a single pixel. 


It Is seen by comparing the Bayesian 
classification map at 70% confidence level 
(Fig. 10) with the map delineating observed 
rain (Fig. 9) that they agree well. No attempt 
was made to verify wet land surfaces. 


The main discrepancies found between the 
FSMR-6 observed Mlnfall and ground observed 
rainfall Is seen over North (Urollna and 
southwestern Georgia. The rainfall Indicated 
by ESMR-6 over North Carolina may be suspended 
liquid watc'* In the clouds and/or virga ahead 
of the rain area (the area of rain was moving 
northeastward toward North Carolina), The 
ESMR-6 delineated rain over southwestern 
Georgia, which was upstream from the rain area, 
may be due to wet land surfaces produced by 
the rain that fell a few hours prior to the 
Nimbus -6 pass. 


September 13, 1976) where surfdce thenmodynamlc 
temoeratures were >15^C there was no 
synoptic-scale rainfa'i Almost all pixels 
were classified by the algorithm as ral. over 
land. An examination of the ESMR-6 vertically 
polarized T-s showed that the temperatures were 
below Since calibration oT the nighttime 

data Is better than that cf daylme data 
(Wilhelt, 1978), this anomaly may be 
attributed to the changes In the surface 
emlsslvlty caused by the presence of dew on 
the vegetation. The 0600 GMT National Weather 
Service map Indicated that the conditions were 
ideal for the formation of dew. A large 
anticyclone centered over Virginia produced 
clear skies, winds less than 5 kt and dew 
point temperature differences of less than 
3®C over the majority of the reporting stations 
in the southeast United States. Therefore, 
the class1flL«t1on algorithm trained by data 
sampled from Nimbus-6 daytime passes can be 
employed only when dew Is absent. 

4. Conclusions 

Considering the Umlatlor . of the passive 
microwave sensors to observe rain. It has been 
demonstrated that It Is possib’e tc monitor 
synoptic scale rainfall over ; ^id end water and 
to quantize rainfall over wate- In order to 
monitor and predict the Intensity changes of 
tropical and extratroplcal systems. Wiver, 
with the advent of satellite flown mi»lrl fre- 
quency passive microwave sensor that hed just 
been launched, such as the Nimbus-7 Scanning 
Multi frequency Microwave Radiometer (SMMR) or 
that may be launched during the 1980's that 
have Improved IFOV, such as the large Antenna 
kkil t1 frequency Microwave Radiometer (LMMR) 
or possibly the Advanced Microwave Moisture 
Sounder (AMMS), these limitations may be 
greatly reduced. 
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WESTERN PACIRC TROPICAL 
CVaONES 



F^. J. Scatter cUag^iam oi htofm intzn6^y 
vvuuA latent lica-t ^eo&e (IHR) ioA, 
uie^ttAn PcLiUiAjC. Oczan tfioplait ayciom^, 
C\o6^Z6 iAdicaXt Vicpical dbutuAJbanc^, 
CoLClzd dnti and cto^^ed otticcote ^matt 
6tcvnd. 


WESTERN PACIRC TROPICAL CYCLONES 



F^, 2. ScatWi daiQAam oi uJt^tzAn Padiic 
Oczan VwpLQjodi cyctonz laXznX. kzat xzZzjoaz 
(LWR) yEA4u4 tisnz vAin the VioplciU cyclone 
xeacheA 6tovn ^tage* Fke Iteavy tine -ui the 
middle ACpACAenl^ the time the tAonical 
cyclone Atachyi 6to^ 6tage and the negative 
{positive) numbeAjS AepAz^ent the numbeA 
dayA pAioA to {aittA] the time that the 
tAopical cyclone Aeached 6 to Am ^tage* Vot^ 
[tAiongleA] AepAeAent 6tgnm6 utith maximum 
ioend <32 m 4”^ {>32 m 6 ). CiAcled 

tAlonglcA and doZ^ inaicate ^mall 6tonm^. 

The ^olid line id quadAOtic (^it to the 
data. 


WESTERN PACIFIC TROPICAL 
CYCLONES 



Fig. 3. Scatter diag^jxm ojj dto^ intend^Xy 
veAdad the pAecipitatxon panameteA (PIP) 
loedteAn Paciixe Ocean tAopical cyctoned, 
Othenoicde, the notatcon la the dome ad <n 
Fig. ) . 
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WESTERN PACinc TROPtCAO. CYaONES 



4. CorU/Lcbi^tcoR vcuUoujt ^tjiiniaXK hJoXt 
mo^ricCudeA to totat vo£iine pKz<Up^itaXion 
jJoA. we4-teAn Pocx4<c Ocerw Vwpic^ cyclones 
at \j<vu,ouA oi development. 


wiST»N ^AORC 'mohCM. cyaoMO 



Tig, 5. MeiUi ^ocn^otC fiate a& <x ^uncCcon <7^ 
fuxdiol dUtcufitz center 

mitwi Pcuu^ic Ocean t/wt/iical tycionu at 
va/Uoui itagu oi development. 


PRECEDING PAGE BLANK NOT FILMED 



F<,g. 6. Latent heat leteoie I1.HR1 oven the 
cuiea 0 ^ the ^cun 6kleid o/i an eKViaViop<c.al 
cyclone iSeptembex 6-10, 1974}. Centfiai 

pnc66u^e o ali,o plotted. AddUJxondl 
daj^hed ttne connects po^nt at ) 2 GUT on 
Septe/nbeA. 10, n.epnc6enttng one o^ tm sepanate 
a^ea^ in fiain ikield. 



poAjnt, lepaeAentcng one two 6epaxate anecui 
AM fuLtn 4fw.eXd. 



F^cg. i, ^eAX/jcally poiojuied u4. hoAA.zontatZy 
pola^zed ESMR'6 Tg each sampled category 
{xain oven land ana wet and dny ^oAiiacfcA). 
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F^q. 9. kcLcniall (he 6ouXhed&( Un<Xed 

StcU.Z'i <x 4 deZi^nedted by the WSR“57 cutd 

hoLL/ity noA,n(^aLt Kepoxting 4tatco»t6. Time 0 |j 
the data appnox<matety 630 GMT 
SeptembeA 14, 1976. 



fig. 10. ESWR-6 den.4.ved ^a4.niat^ dA^tfubutcon 
the Sa^ei-ca/t eiJU6<ieA wcth a con^-crfence 
ievc'l aj 701. T-one afj W^6u/j-6 pa&& tiittu 
IdjO (V!T 14, 1976. 
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THE miSP MICPa-Ml/E IMAGER (S5MI ) -UWF7NI5HEP PLANS 


ZccJioAd C. Savagz 
11230 Kzntuckij Pd 
PapiZtcon, NE 68133 


1. INTRODUCTION 

A microwave imaging sensor, the SSMI, is 
being built for flight on spacecraft of Che 
Defense Heteorologica I Satellite Program (DMSP) 
in the mid I980s. Although both Fleet 
Numerical Oceanography Center (FNOC) and AF 
Global Weather Central (AFGWC) have software to 
process data from the SSNI Into products useful 
to their operations, no plans have been made to 
archive data or products for research programs, 
such as the Climate Observing System and the 
National Climate Program. This paper, for the 
NASA workshop on PrecipitaC Ion Measurements 
from Space, is intended to summarize the 
existing major elements of the SSMI program as 
background for planning an archival program 
useful for climate research. 

2. REQUIREMENTS 

During 1978, scientists of the U.S. Navy 
and U.S. Air Force, working through USAF's 
Space Division, Los Angeles, specified per- 
formance requirements for an imaging micro- 
wave sensor (the SSHi), to fly on spacecraft 
of the Defense Meteorological Satellite 
Program (DMSP). The requirements were form- 
ulated with the intent of allowing offerors to 
propose the best system to meet operational 
agency needs for cloud and rainfall maps, sea 
ice charts, ocean wind charts, and land sur- 
face moisture. A software system to process 
satellite data bits into radiances (Sensor 
Data Records, SDRs) and environmental data 
records (EDRs) at Fleet Numerical 
Oceanographic Center (FNOC) and AF Global 
Weather Central (AFGWC) was also called for. 

The system was. necessarily, subject to some 
restrictions of weight, power, volume, data 
rate, and so forth imposed by the spacecraft 
interface and the ground software interface. 

A contract was signed with Hughes Aircraft 
Company in July 1979. Hughes had engaged 
a subcontractor for additional expertise in 
modelling the radiative signatures of the 
phenomena of interest, ERT Inc. The contract 
called for development of a refurbi shable 


prototype, operational software, documenta- 
tion, and options for production of three 
flight units. In defining the hardware and 
software parameters of the SSMI system. 

Hughes and ERT modelled a large number of 
simulations of precipitation, wind- roughened 
ocean surfaces, ocean ice. and surface mois- 
ture variations, as well as combinations of 
these (rain over wind- roughened ocean, clouds 
over wet ground, etc). From this simulation 
data base came a better sped f icat ion of the 
required signal -to-noise ratio, spatial resolu- 
tion, choices of frequency and polar izat ion, 
calibration accuracy, and so forth. Fortunate- 
ly, the phenomenology of some of the environ- 
mental parameters (ocean wind speeds, ice 
cover, precipitation over ocean) was reasonably 
understood from the literature on previous 
experiments. The contractor was encouraged to 
use the results from NASA's Electrically 
Scanned Microwave Radiometers USMRs, NIMBUS 5 
and 6), microwave sounders (NEMS, SCAMS), and 
other microwave Instruments (e.g., SMMR) in 
defining the system and its software algo- 
rithms. Some parameters necessarily were based 
to a greater extent on theoretical modelling 
(e.g., precipi tat ion) . However, the process of 
specifying the desired result rather than the 
engineering details *s believed, in retrospect, 
to have been a good jne. The envi ronmental 
parameters to be derived from the SSMI are 
tabulated in Table I. 

Because no one could guarantee ir. advance 
the complete accuracy of all the extraction 
algorithms, given the assumptions necessarily 
involved in the a pr iori model I inq. the con- 
tractor and subcontractor agreed to provide 
software to verify the EDRs produced by the 
SSMI system, based on data sources routinely 
available in the FNOC and AFGWC data bases. 

Such data is, of course, overwhelmingly of a 
synoptic nature; the opportunity to verify the 
algorithms on the basis of data from research 
sources was not contemplated. In the absence 
of synoptic reports of many parameters, verifi- 
cation must depend on climatology. As a 
result of verificat ion, the numerical values 
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table /. SS.MI CWl/IROW;iEVrAL PARA/IETERS 


PARA.METEP ABSOLUTE ACCURACV' RAWGE RESOLUTIOW 


Ocean Sua^^^cc Wend Speed 

± 

2 m/a 

3 - 25 

25 fcm 

Sea Ice 

AAea Covered 
Age 

Bdge Location 

t 

f4AAt yeoA ,multujea/i 
WA 

0 - 100 
;, 2* 
NA 

25 km 
50 fern 
25 km 

VfLecipiXation lntenA4,ty 
Ocean 
Land 

± 

t 

5 tm/hA. 
5 mm/fiA 

0 - 2S 
0 - 25 

25 bn 
12.5 bn 

ColwnnoA Uaten. Content 
Hain 
Cloud 

♦ 

tO. 

CvJ 

1 

1 

1 

0 - 6 
0 - r 

25 bn 
25 bn 

SuA^oce Maea-tuAe 

t 

3 1 

0 * 30 

50 bn 


Nate: cloud MJoteA content ovza land 4oA^ace6 l& e^^oAt” ont^. 


in the algorithm equations may be updated, at 
the will of the operating agency (FNOC, AFGVC). 
Note that the contractor and subcontractor were 
not obligated to perform verification or up- 
date; they were, rather, asked to provide a 
tool to permit verification. The tool is 
unlikely to be used often by the operating 
agencies beyond the demands of operational 
necessity, since research is not their 
charter. The tool is, however, available for 
those of the research community who wish to 
use it. It is considered « very valuable part 
of the SSNt system. A further discussion of 
the verification/update part of the system is 
given in section k of this paper, and in the 
paper of Or. K. K. Burke, "Retrieval of Rain 
Utilizing Satellite Microwave Radiometry 
Techniques and Its Verification." 

3. HARDWARE 

All SSHI harc^ifare (and some software) is 
the result of a combination of tradeoffs. In 
the SSHI, the following alternatives were con- 
sidered (the first of the pair is the chosen 
al ternat ive) : radiometer type (total power/ 

Oicke switched), resolution (radiometric/ 
spatial), ground processing (simple, fast, 
linear/complex, non-linear), antenna-feed con- 
figuration (fixed/variable), calibration 
(externa I / Internal ) , spacecraft mounting 
(deployment/f ixed) , spectral channels (as few 
as required/as many as possible), earth loca* 
tion algorithms (polynomial fit to a few 
mapped points/map all pixels), scan pattern 
(con leal /planar). 


Not all the chosen alternatives were, in 
Isolation, the preferred ones. The most com- 
pelling spacecraft constraint was to use 
effectively a volume on the ant I -earth side 
where a free space external calibration could 
be obtained. This requires a deployment Into 
the scanning position post* launch, after the 
heat shields are jettisoned. It also requires 
input/output of power, signals, telemetry, and 
so forth through slip rings These are ele- 
ments of danger, though careful design can 
minimize the risk of failure. The deployment, 
^towever, permits a 24 by 26 inch (6 1 by b6 cm) 
antenna rotating in fixed alignment with its 
feed horn, with a hot and a cold (space look) 
calibration during each scan. The scan 
pattern is conical, with a local zenith angle 
of 53* (45* cone angle), as were the NIMBUS 6 
ESMR and the SMMR. The choice of the conical 
scan for both constant footprint size (circu- 
lar at 85 And 37 GHz, elliptical at 22 and 
19 GHz)and preservation of polarization infor- 
mation in the signal was both the preferable 
and the chosen altvsrnat i ve. The conical scan 
does, however, limit the data swath width to 
1400 km--approximately half the width required 
for contiguity betwe^sn orbits at the equator. 
Accordingly, there will be gaps between orbits. 

Extensive modelling by contractor and sub- 
contractor, in response to the parameter 
accuracy requirements, led to the following 
choice of data channels: 19- 3S GHz, vertical 
and horizontal polarization (V,H); 22.235 GHz 
(V only); 37.0 GHz (V,H); and 85.5 GHz (V,H). 
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The first five channels are, of course, based 
on the merit of commonality with previous 
satellite and aircraft instruments, as well as 
their own merits. The two 85-5 GHz channels 
will provide the first spacebornc observations 
in the spectrum beyond the 50-60 GHz 02 absorp- 
tion band. They are expected to provide both 
increased spatial resolution and the increased 
sensitivity to radiation scattering which per- 
mits quantitative estimates of precipitation 
over high emissivity surfaces. Though not 
quite at the minimum absorption frequency near 
95 GHz, they are close enough for practical 
purposes. The combination of frequency (wave- 
length), antenna size, zenith angle, and signal 
integration time leads to the following set of 
effective f ields-of-view (km): 69 x 60 x kO, 
36 X 29, and 16 x Ik. Although better spatial 
resolution would have been possible, it was 
slightly degraded for the sake of better signal- 
to-noise performance. 

A major constraint, affecting both hardware 
and software, was a requirement to process 100 
minutes of satellite data (one orbit) In 100 
seconds of central arithmetic unit (CAU) time 
on an AFGWC UNIVAC 1110 computer. This demanded 
simple, fast algorithms for both preprocessing 
and parameter extraction. Earth location of 
picture elements (pixels), for example, is 
based on fitting a LaGrange polynomial to four 
mapped pi>.el points. This is a part of the 
system in which those who can afford the 
resources required can make Improvements in the 
data for research purposes. (The LaGrange poly- 
nomial method is still expected to provide 
location accuracy better than half a pixel.) 
Likewise, parameter extraction is by matrix 
multiplication, using only the channels required 
to meet accuracy specifications. The channel/ 
algorithm summary is shown In Table 2. 


The reader may observe from Table 2 that 
the 85 GHz channels are used only in fhe esti- 
mate of parameters over land. Accord* y specifi- 
cations for parameters over ocean can be met by 
the use of the lower frequency channels. This 
greatly increases the speed of processing over 
ocean surfaces, since the 85 GHz pixels repre- 
sent approximately 60^ of the data. (One scan 
consists of 6k 22 GHz pixels, 128 19 GHz pixels, 
128 37 GHz pixels, and 256 85 GHz pixels. The 
next scan consists only of 256 85 GHz pixels. 
Thus 85 GHz data comprises 512 pixels out of 
832 in each pair of scans.) 

The SSMi will fly with the normal OMSP 
configuration, that is, a sun-synchronous 833 
km circular orbit with a local sun time near 
sunri sc/sunset or near noon/midnight. The 
instrument complement will include a visible 
(O.k - 1.1//m) and thermal infrared (10.5 - 
}2.5//m) imager, as well as a sounder. The 
Infrared sounder (5SH) is similar to the VTPR, 
with the addition of channels in the l8-30//m 
water vapor band. The microwave sounder (SSHT) 
has channels centered at 50.5. 53-2, 5k. 35, 

5k. 9. 58. k, 58.825, and 59-k GHz. Either the 
SSH or the SSMT may be flown with a given SSMI, 
but not both. 

k. SOFTWARE 

The SSMI software is organized into four 
major parts. For our purposes, in describing 
them, we may refer to them as SOP, EPE, VER, and 
UPD. 

In the process of producing sensor data 
records from the raw bit stream, the SOP soft- 
ware does five things. The first is to unpack 


TA8L5 2. CHAfJNEL USE SUWMARV 
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artd decode the readout information (orbit number, 
time, spacecraft identifier, etc), ephemeris 
information, and the raw sensor data. The next 
is to calibrate the raw data, converting the 
voltage samples to brightness temperatures The 
brightness temperatures are next earth located, 
then tagged with a surface type indicator This 
surface type indicator is useful in determining 
the parameters to be produced, and in screening 
out the 35 GHz data not required over the oceans. 
Finally^ the antenna pattern correction is 
applied, to remove the effect of energy outside 
the central pixel The earth located brightness 
temperatures , corrected for antenna pattern and 
tagged .vith surface type, are called sensor data 
records (SORs). A software option is available 
to retain the 85 GHz data m the total SOR pro- 
cessing. At AFCWC, the SORs are contained in a 
temporary file, which ceases to exist when the 
envi ronmental parameters are produced. At FNOC , 
it is planned to retain the SORs (from all chan- 
nels) in a mass storage file of several orbits. 
There are, however, no plans to archive such 
SDRs. 


The EPt software has one major function, 
as well as two minor ones The first is to cal- 
culate the envi ronmental parameters (environ- 
mental data records, EDRs) to the required 
accuracy, by applying a 0-matrix to the vector 
of SDRs, (a 0-matrix Is formed from the cor- 
relation matrix of parameters and brightness 
temperat ures , multiplied by the inverse of the 
correlation matrix of brightness temperatures 
with each other.) Because the 0-matrix tech- 
nique is linear, separate matrices are requi red 
for the high and low ranges or some parameters. 
In order to meet accuracy spec i f icat ions. 

In addition to producing the EDRs, the EPE 
software saves EDRs and SDRs within specified 
areas for vert fJeat ion purposes. In addition, 
at the exercise of an option in the EPE module, 
estimates of radiative transmissivity at the 
four frequencies used may be produced. (The 
computation of optical depth and transmissivity 
Is a natural product of the modelling for the 
envi ronmental parameters, from which D-matrices 
for transmissivity may be produced.) 

At PNOC. the earth- located EORs are filed 
in mass storage according to their latitude- 
longitude coordinates. At APGWC, EORs are 
remapped Into the AFCWC data grid, a cartesian 
grid Superimposed on a polar stereograph ic 
projection of each hemisphere. Because the 
nominal resolution of the AFCWC grid Is kO km, 
some EDRs are lost In the AFCWC mapping. 


In day to day operations with satellite 
data, it is necessary to detect changes in sys- 
tem performance, due to sensor degradation, to 
Catastrophic changes in sensor response, to 
noise i nt roduced by , for example, tape recorder* 
or t ransmi t ter$, and. not least, to software 
errors introduced by the ground processing 
facility It may not be easy to determine 
whether the problem is in space or on the 
ground, or perhaps partially in both places. 
Nevertheless, recognition that a problem exists 
is the first, essentia! step The VER module, 
designed to be executed every twelve hours, 
provides Such diagnostic evidence of changes in 
the System. 

In addition, it is desirable both to improve 
algorithm performance on the basis of empirical 
corrections, and to overcome, to the extent 
possible, sensor degradation. The VER module 
can also provide this capability. Let us hypo- 
thesize, for example, that ground truth allows 
clear demonst rat ion that some algorithm has a 
bias - some parameter is consistently over- 
estimated The VER module allows a quantitative 
modification cf the algorithm to remove the 
bias. It may even be possible to make correc- 
tions for a slowly changing component in the 
SSMI sensor • a slowly drifting frequency, for 
example, which would slowly alter the signal 
response to atmospheric cr surface phenomena. 

In an extreme application of the VER module, 
it is feasible to overcome the complete loss 
of a data channel. If, for example, one of the 
85 GHz data channet*^ ceased operation, it might 
be possible to substitute another channel, or 
to formulate a new D-matrix without the missing 
85 GHz data, on empirical grounds, likewise, 
it is conceptually possible to insert into the 
code a new D-matrix for some parameter not 
included in the sped f icat ions - snow depth, 
for example. Even without an a priori inver- 
sion matrix, one could start wTth a null matrix, 
or identify matrix, and accumulate enough 
statistics from the VER nodule (modified to 
accommodate the new parameter and its ground 
truth) to arrive at an empirical inversion 
matrix. Obviously, such an empirical inver- 
sion matrix is only as good as the ground truth 
that was used in its formation. In addition, 
it would be difficult to transfer the results 
from such a matrix to a sensor with slightly 
different frequencies. In fact. If the sensor 
upon which such an empirical matrix were based 
had drifted away from its original frequencies, 
the matrix night not be transferable to data 
from another sensor nominally the same. 


The VER software module provides the abiii 
to verify the EORs produced by the SSHI systen 
Th/s ver/f/cation is needed for two reasons 
*nd, in the two different contexts, "verifica- 
t'on has two sr/ghtfy different meenings 


The VER module saves stJtistics of ground 
truth and the corresponding EJRs. but not the 
actual EORs and ground truth. It does, how- 
over, save the SORs used in the EOR production 
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Three parameters are verified against 
ground truth from the FNOC and AFCWC data bases- 
ice parameters, ocean surface winds, and sur* 
face moisture (actually verified as Antecedent 
Precipi tat Jon Index. API). The remaining para- 
merers. rain intensity, cloud water content, and 
liquid water content in rain, are verified by 
comparison to climatology. For the parameters 
verified by comparison to climatology, a judg* 
ment must be made whether the actual conditions 
observed were representor i ve of climatological 
values. 

Research organ Izat ions with access to better 
sources of ground truth than synoptic data 
bases have obvious opportuni t ies to make better 
use of the verification tools provided in the 
VER module. 

As is apparent from the preceeding descrip* 
tion. the UPO module, used for update of the 
inversion matrices, is closely connected to the 
VER module, much as the EPE module is connected 
to the SOP software. UPO requires a conscious 
decision by the operating facility for its 
execution. Upon such decision, new matrices 
are formed, based on a weighted combination of 
the correlation matrices used in the previous 
0-matrlx. and statistics generated from verlfi* 
cation. The weights are set by the analyst; 
either weight may be a maximum of 2. or minimum 
of 0. Their sum must equal 2. Intermediate 


values of the weights allow a melding of old 
and new data according to the user's wish. 

The software provided under contract also 
includes a full orbit of simulated data, in- 
cluding represeniat i vc operational data stream 
errors, such as data dropouts, time disconti- 
nuities, Sync losses, and missing data. The 
simulated data is based on fifty simulated 
scenes (given in Table 3), and includes realis- 
tic exercise of the other parts of the soft- 
XX well as providing "hands-on" 
experience for users of the system. 


5. unfinished plans 

The following section contains the opinions of 
the author. They are not official statements 
of any government agency. 

Since the SSHI program began, events have 
occurred which will limit its usefulness if 
some new arrangements are not made. Among these 
events, the lack of definitive results from 
SMNR weakens the confidence we might otherwise 
have in the SSMI algorithms. In addition, the 
recent decision to defer the National Oceanic 
SatcMitc System (NOSS). with Its Large Aperture 
Hul t i frequency Microwave Radiometer (LAMMR), 


TABLE 3. SIMUUnON SCENE PISTRIBLTrCN 


CCEAN (22) 

Non-^uttn (14) 


SuA^oce |/4); 3,/ - 23.6 m/i 
ClCHidiMXiA (14); Q.O - 0.46 kg/m^ 
fUUn (3); 4.95 - 22.1 wn/ftA 

LAW (16) 

Non-AcUn ( 6 ) 


SuA^oce m(xuCuAe (6); M - 23 t 
CZoad McUeA content (6); 0,07 - 0.37 h.g/m^ 
Reijt (10): 3.3 - 15.1 /m/fiA 


SuA^ttce molAtoAc (10}: tnde(tnctc - SaXuAXited 
Ctoud mteA content (10): Indefinite - /.05 feg/m'^ 
Ugiud watCA content (/O): 0.4 - 3.54 kg/m^ 

ICE (12) 


fion-Aoin (12) 

Ctoud litateA content •* 0.0 - 0.51 kg/m^ 
ConcentAAtion 

FiAAt ijeoA (3): 29 - 100 S 
UlutUgeoA (31: to - 100 S 
Mixed (6) 

Mote: AcUn of 6afficient intcn6it^ xendeA6 othtA pdAcontttu indefinite. 
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leaves the SSM I as the only rncrowave imager 
planned for space flight m the I980's. If 
would benefit both operational (tropica! storm 
analysis and forecasting, ship routing, cloud 
analysis and forecasting, agricultural meteor- 
ology. water resources management, cornmuiii ca- 
tions management) and research (desertification, 
eye iogencs I s, storm moisture and heat budgets, 
earth radiation budgets, cryosphere monitoring) 
areas of environmental science to cooperate in 
using SSMI data. Such cooperation should be 
relatively easy to arrange, since there are no 
major technical problems in doing so. 

The major hindrance in making SSfil data 
available for climate research programs is the 
lack of an archive facility. Such archival is 
not within the charter of the military meteor- 
ological agencies. There are. however, prece- 
dents for archival of DHSP data. Visible and 
infrared imagery from the DHSF, in the form of 
film strips, is archived by NOAA at the Space 
Science and Engineering Center (SSEC). Like- 
wise. precipitating electron cata from the SSJ 
sensor, along with visible imagery of Che polar 
aurorae, are archived at World Data Cenrer A. 
Boulder. It seems appropriate, therefore, for 
NOAA to arrange for archival of SSMI SDRs, EDRs. 
verification data, and the current 0-matrices. 
The processing software (SOP, EPE, VER, UPO) 
should be made available to researchers from 
either the archival facility, or from HTIS. A 
set of document at ion should be provided to NT IS 
for those who require technical details. Since 
both FMOC (with Control Data Corporation com- 
puters) and APGWC (with UNIVAC hardware) ver- 
sions of the software are available it seems 
desirable to archive both. An orbit of SSMI 
data will produce about l.S million SDRs, and 
approximately the same number of EDRs. Thus. 

Che SSMI data and output parameters for a day 
could easily be archived on a single 9* track 
magnetic tape. Establishment of an archive 
facility would permit researchon new applica- 
tions of SSMI data, verification on the basis 
of non-synoptic ground truth, and critical eval- 
uation of the update of Inversion matrices The 
Department of Defense Is al ready a participant 
in the National Climate Program. One of the 
military meteorological agencies (Naval 
Oceanography Command, Air Weather Service) 
should be chosen to act as DoD's agent in 
providing SSMI data and products for archival. 


The author notes that an SSMI in the 
customary DMSP orbits will not observe local 
conditions during the afternoon. This limita- 
tion could be overcome by flying a modified 
SSMI on an afternoon NOAA spacecraft. Since 
the OMSP SD2 and NOAA vehicles are very similar, 
the required modification need not be severe. 
This would provide operational benefits, as well 
as increased research and climate data. In 
addition, the proposal to launch a low altitude 
satellite into a near* aqua tor la I orbit offers 
an opportunity to increase observation of 


prec i pi tat ion in the tropics, to the benefit 
of both operational and research programs. 
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REMOTE SENSING OF STORED PRECIPITATION, i e . SOIL MOISTURE AND SNOW 
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T SchmuRge 

Hydrological Sciences Branch 
NASA/Coddard Space Fligitt Center 
Greenbelt, Maryland 2077) 

I. INTRODUCTION 2. SOIL MOISTURE 


After it has fallen, precipitation can be stored on the ground 
in the forms of snow or soil moisture. There have been major 
advances in the remote sensing of these quantities with micro* 
wave radiometers during the past several years. Microwave 
radiometers measure the thermal emiiaion from the surface at 
microwave wavelengths. This emission depends on the temper* 
stuie and emiasivity of the surface medium The emisstvity of 
the land depe.'Js on its surface geometry or roughneia, dielec* 
trie properties and surface cover. The moiiture content of the 
soil has a strong effect on its dielectric constant and thus on its 
emissivity. Similarly, the presence of snow cover has a strong 
effect on the emissivity of the land at certain wavelengths. 

For the purpose of this dtscutaion the wavelength range 
from 0.3 cm to 50 cm will be conaiderf d the microwave portion 
of the spectrum. The particular advantages of microwave sensng 
arc. (a) the all weather capability, especially true at the longer 
wavelengths (X 2 5 cm), which is important for any periodic ob* 
servations from space of these surface parameten; (b) greater 
penetration depth into the soil or snowpack than with optical 
or infrared seniors; and (c) the larp changes in the dielectric 
properties of media such u soil and snow produced by changes 
m water content. 

The base theory relating microwave cmisavity to these 
hydrologic panmeterF will be presented along with data from 
Held and aircraft measurements to support the theory. Data 
from the ESMR on Niinbua-5 and the $>194 L*Band radiom- 
eter on Skylab has been compared with Antecedent Rreeipt- 
tation Indicaa (API) to show the sensitivity of spacebome 
obfcrvations to soil moisture. Similarly, data from the ESMR 
and SMMR on the Nimbus spacecraft have been compared with 
surface measurements of snow depth with good results. 

The intensity of the thermal emiasion from the surface at 
microwave wavelengths is esaentiilly proportional Co the product 
of the temperature and smisiivtty of the surface (Rayleigh* 
Jeans ipproximation). This produce is commonly re fcircd fo as 
brightness temperature. All our results will be expressed as 
brightnesi temperatures (T| ). The value of T| observed by s 
radiometer at a height h above the grot^nd is 

T| ■ T^rTjjjy - (I “ ^ "^itm 

where r is the surface reflectivity and r the atmospheric trant* 
mission. The tlrst term is the reflected sky brightness tempera* 
turc which depends on wavelength and atmospheric conditions; 
the aicofid term is the emiiaion from the surface ( 1 - r ■ e. the 
emiaavity); and the third term is ths contribution from the 
•tmosphert between the surface and the rtcciver. 


2.1 Dielectric Properties of Soils 

The unique dielectric properties of water afford two poisi* 
bilities for the remote tensing of the moisture content in the 
surface layer of the soil. The dielectric constant («) for water is 
an order of magnitude larger than that of dry soils at the longer 
microwave wavelengths, approximately 80 compared with 3 or 
4 for dry toils. As a result the surface emisaivity and reflectivity 
for soils ire strong functions of their moisture content. The 
changes in emisrivity can be observed by passive microwave ap- 
proaches ond the changes in reflectivity can be observed by 
active microwave approaches. 

The dependence of the dielectric constant for a soil on its 
moisture content is shown in Figure 1 where the results of labo- 
ratory measurements at wavelengths of 2 1 and 1 .55 cm are pre- 
sented. The wavdength dependence is due to the difference in 
the dielectric properties of water at the two wavelengths and in- 
dicates that there is a greater dielectric difference at the longer 
wavelengtha. At low levels there is a slow increase with soil 
moistuie but above a certain level there is a sharp increase in the 
slope of tlic curve. This bilinear result is due to the behavior of 
the water in the toil. When water is first added to a soil it is 
t'ghtly bound to the soil particles and in this statv the water 
molecules are not free to become aligned and the dielectric 
properties of this water are similar to those of ice. As the layer 
of water around the soil particle becomes larger, the binding to 
the particle decreases and the watc. molecules behave as they 
do in the liquid, hence the greater slope at the higher soil mo» 
ture values. The traniitiofi depends on the soil texture. i.e., 
particle size distribution being lower for a sand and large for a 
clay. This effect Hu been demonstrated in laboratory meaaure* 
ments of the dielectric constant (Lundien, 1971; Newton. 1976. 
Wang and Schmugge, 19g0). 

The range of dielectric constant presented m Figure 1 pro- 
duces a change in emisaivity from greater than 0.9 a dry soil 
to less than 0.6 for a wet soil, iwiming an isotropic soil with a 
smooth surfaA.e. This change in emisaivity for a soil hu been 
observed by truck mounted radiometen in Add experiments 
(Poeet al., 1971;B!innet al.. ^972; Newton, I9'^6. and Newton 
and Rouse. 1980), and dy r.i4.iometen In aircraft (Schmugge 
et al., 1974 and 1976; Estes et al., 1977; Barton, 197.'^; Baah- 
annov and Shutko, I97g. and Bu.'ke et al., 1979) and satellites 
(Eagkman and Un. 1976; and McFsriifid. 1976). In no case 
were emiasivitks as low u 0.6 observed for real surfaces. It is 
believed that this is primanjy due to the effecu of surface 
roughness which generally has the effect of increasiiig the 
mirfsce emisstvity. 






0.252 


ORIGINAL PAGE -‘J 
OF POOR QUALI / 



Figure I . Re«i and i/nagiiury parts of the 
dielcctnc constant for clay loam sods at 
wavelength of 21 cm (Lundian. 1971) 
and 1 .55 cm (Wang et al., 1978). 


As can be seen in Figure 1 there is a greater range of dielec- 
tric constant for soils at the 2 1 cm wavelength compared to the 
shorter wavelength. This fact combined with a larger soil moia- 
ture sampling depth and better ability to penetrate a vegetative 
canopy make the longer wavelength sensors better suited for 
soil mouture senauig. 

2 2 Field Measurements 

The resuia of field measuiementa by 1.4 and 5 GHz radi- 
ometers for wet and dry fields Art presented in Figure 2. The 
two curves represent calculated values of Che horizontal and 
vertical pdarizationa of the emitted radiation with a radiative 
tranafer model (Wilhcit, uttng the measured soil ttmper- 
aturt and mouturt proAlet. Horizontal polarization is that 


state m which the electric field oi the wave is parallel to the 
emitting surface, white vertical polarization has an electnc 
field component perpendicular to the surface As incidence 
angle moves away from nadir the vertically polarized emiaaivity 
increases until it reaches 1 0 at what corresponds to the 
Brewster angle of physical optics As a result, the difference in 
emissrvity between wet and dry soils for vertical polarization 
decreases for off-nadir angles. For horizontal polarization me 
difference between wet and dry soils remains essentially con- 
sunt with angle. Figure 2 presents results of Held measure 
ments conducted at the Beltsville Agncultuial Research Center 
(BARC) verifying this behavior at wavelengths of 6 (t 3and) 
and 21 (L-Band) cm (Wang et al., I9S0). These results were for 
a bare field with relatively smooth surface in s wet condition. 
Figure 2a. and in a dry condirion. Figure 2b. There is about a 
70 K difference in Tj ^cr the 14% difference in the sod moisture. 
Note the i;ood agreement between the olservations and calcula- 
tions. The agreement was maintained for the range of profiles 
observed m ti*e experiment (Wang et al., 1980). 

A vegetative canopy acu as an absorbing layer which ab- 
sorbs some of me upwelling radution from the sod and ai^o 
emits radiation at its own tamperature. The magnitude of ihv* 
effect depends on the amount of vegetation and the wavelength 
of observation. A thick canopy would Approximate a Lanbertiar 
black body, i.e., it would have an emiaaivity close to or ; and 
show no angular or polarization effects. Baahsnnov .md Shutko 
( 1 978) and Kifdiaahev et al. ( 1 980^ have reported on observa- 
tions made ir m * vS5R over the 3 to 30 cm wavelength range 
for a varicr/ of CkCps. results indicate that for smail 
grains and graascs the seuiitivuy to soil mouture ts 80 to 90% 
of that expected for bare grounr at wavelengths greater than 
10 cm. Broad leaf cultures, like mature com or cotton, tranamit 
only 20-30% of the radi;.tion from the soil at wavelengths 
shorter than 10 cm and about 60% at the 30 cm wavelength. 
They ubeerved 30 to 40% senaibvity for a forest at the 30 cm 
wavelength, although they did not mention the type or heic'it 
of trees. 

In Figure 3 results from Che BARC cxpcrimenls for grass 
covered Oelds are presented at the 6 (C-Band) and 2 1 (L-Band) 
cm wavdengths. Data for two grass heights art presented 
30 cm in Figure 3a and 10 cm tr Figure 3b There is little or 
no changr of T^ with angle obeervad at the 6 cm wavelength for 
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Figurt 2. The maaiuffd brightiicte tamperatures plotted agaifiat the incideat an(dei for t bate field; 
(a) aoii wu wet; (b) sod wee dxy Smooth curves (solid ones foe 1 .4 GHz and daehed ones for 5 GHz) 
an calculated resulu. Ti la sod temperatun al top 2. S cm lay^r From Wang «t al.. 1980. 
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Figure 3. The measured brightnen temperatures plotted against the incident angles for grasslands; 
(a) 30 cm tall grass; (b) 10 cm tail grass. The smooth curves (solid ones for 1.4 GHz and dashed 
ones for 5 GHz) are the calculated results ass^iming ♦iie fields were bare. Ts is soil temperature 
at top 2.5 cm layer. From Wang et al., 1980. 


the 30 cm tall gratt and is about that vL hich was observed for 
Che dry field in Figure 2. Also, there is lit je difference between 
the values obtained at different polarizations, as would be 
pcctcd for a thick canopy. The 21 cm results display angular 
and pola.*ization effects similar to those seen in Figure 2 for the 
bare fields. However, has increased; the 30cm grass field 
has the same moisture content as the wettest of the two bare 
fields, but Tg » 220K compared to 190 K for the bare field. In 
comparison a dry field would be expected to have Tg » 270K. 
Thus, the dyrubaic range between wet and dry fields is reduced 
by the piesence of vegetation from 30K to about SOK. Simi- 
larly, the polcfization difference at 0 * 40^ tj *educed from 
38 K to 2 IK. Both of th^ factors indicate that for a field 
with a dense 30 cm grass cover, sensitivitv to soil moisture was 
reduced to about 60% of the bare soil case, which is a Fttle less 
than the tnnsmissivity reported by the R. Asians. The analyses 
of these data indicate that the attenuation can be expressed in 
terms of biomass or water content (Jackson et al., 1 )80). The 
quantification of vegetation in terms of wavelength and biomass 
parameten is a near term objective of our field research 
program. 

2.3 Aircraft Remits 

Significant improvements in the understanding of tl\t 
effects of individual scene ptrameters such as vegetation, surface 
roughness (Choudhury et al, 1979) ana soU texture (Schmugge, 
1980) on the relationship of brightness temperature to soil 
moisture have been achieved using ground-based measurements 
loquired during controlled experiments. However, demottsfi> 
don of the potential of passive mic.owave sensors for estimating 
soil moisture on an operational basis must be performed with 
aircraft and spacecraft senson that integrate large areas of natu- 
ral, non-idealized terrair . A series of aircraft experiments per- 
formed over the last several yean by a number of investigators 
have demonstrated Jic .enativity oi microwave radiometen to 
soil moisture in agricultural terrain. Skylab and Nimbtis uteF 
lites have also provided si«tniric<tiU results for very lar^ areas of 
integratior.. 

An example of aircrafi data presented in Figure 4. Here 
the results from 9 flights Munng 1976, 1977, and 1978 over a 


Hand County South Dakota test site . e c,..npared with the re- 
gression results for data obtained over the Phoenix and Imperial 
Valley areas in 1973 and 1975. The agreement between these 
independent experiments is very f^ood. In each case the correla- 
tion between soil moisture in the top 2.5 cm and observed T,^ 
was > 0.85. These dau were for a range of surface conditions 
including fallow fields, wheat, alfalfa, and pasture. The scatter 
in the aircraft data presented m Figure 4 arises from a nui. :>er 
of sources, one of which is variability in surface characteristics, 
such as roughness and vegetative cover; another is the uncer- 
tainty of ground measurements. The standard deviation of the 
gioi'nd measurnments is represented by the error bars in Figure 
4. Ti. number of samples ranged from 6 to 29 depending on 
the length of the fields. This difficulty of making accurate 
ground measurements has hampered the v*e termination of the 
accurac*' of remote sensing techniques. 

2.4 Space Results 

A* noted in the Introduction, measurements of surface soil 
moisture can be used as a surrogate detector of recent precipita- 
tion, since for most land surfaces rainfall is the only mechanism 
for increasing surface soil moisture. This relationship has been 
demonstrated i>y microwave radiometen operating at the 1 55 
cm and 21 cm wavelengths from spacecraft platforms. In spite 
of the obscuring effect of vegetation strong correlations have 
been obtamed between satellite brightness temperatures obse^ 
vations at these two wavelengths and an Antecedent Precipita- 
tion Index (API) defined by 

^FI - + (API,^, X kj) 

where Iq is a time dependent recession factor < I and P, is the 
precipitation on the day. The exponent 0.9 takes account 
of runoff. Analysis of ground daU has a correUtion of oetter 
than 0.8 between API and the soil inou'ture in the top 0.8 m of 
the soil (Blanchard et al, 198U). 

The 21 cm S-194 radiometer on Skylab had a one m^ter 
antenna producing a spatial resolution of approximately 1 10 
km. Even with this coaise resolution data obtained with this 
radiometer over the central U.5 has shown a strong correlation 
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Figure 4. 2] cm microwave emissivities measured from an aircraft platform (alt. * 300m). Data from 9 flights dunng 1976- 1978 
over a teat site m Hand County South Dakota. is the infrared surface temperature measured from the aircraft and 

T,oii IS from ground measurements. 


with API. For a pair of passes over the same track 5 days apart 
in June 1973, there was a 30*50K increase in as the soil 
dried folio v/ing heavy early June rains. An unpublished analysis 
by Wang and Schmugge of a set of 5 passes is presented in Fig- 
ure 5. The value for each nonoverlapping footprint is com- 
pared with the average of the API values calculated for the met 
stations within the footprint. A correlation analysis yielded an 
f* ■ 0.7 for the 85 separate footprinta The error bare represent 
the standard deviation of the API values for each footprint and 
indicate that the spatial variability of the rainfall over the 1 10 
km footprint of the radiometer is a major cause of the scatter d 
in the data. A radiometer with higher spatial resolution and 
more frequent coverage would produce a better correlation. 
Other analyses of the Skylab data in terms of soil moisture have 
been reported by Eagleman and Un (1976) and McFarland 
0976). 

Analysis of two yean of Nimbus-S ESMR data for 
southern great plains also has shown high correlations with APT 
uiuier suitable conditions (Blanchard et al, 198! b). Figure 6 is 
a oompadson of FSMR emissivity with API for the states of 
Kansas, Oklahoma, and northern Texas using a 2S km grid, 
'niere is a clear correlation between the regions of )o jred emis- 
sivity and high API. The emiasivity wu calculated by dividing 
the ESMR T| by the mAximum air temperature. The best co^ 
relations (r > 0.8) wer4; obtained for those aieu in which a high 
percentage of the area wu v^avoted to the production of winter 
wheat and inuring tha early spring and fall. These areas which 
gre lelatini/ flat have limited vegeutive cover during theu 
periods. Areu with more rugged terrain or more vegeutive 
cover show a poor correlation between Tg and API These re- 
sulu indicate that ipacebome radioii*eten can respond to su^ 
face moisture changes and can be related quantitatively to the 
antecedent piecipiution. 


3. snowpack properties 

The majority of the streamflow in most areu of the western 
United States is produced by the melting of the accumulated 
snowpack. In order to make efficient use o^ this snowmelt run- 
off, water resource agencies must be able to make early predic- 
tions of the total fiow. In recent years satellite determinations 
of the snow covered area have been used to increase the accu- 
racy of the early streamflow forecuts (Rango and Itten, 1976; 
Rango, 1975). An additional improvement could be made if jt 
were pouible to remotely tense ^e depth or water equivalent 
of the snow. At the present time this is not possible but prelim- 
inary studies with microwave systems indicate that the potential 
may be then for doing this. 

In contrut to the caae for soils the bulk dielectric prop 
erties of snow does not give an adequate prediction of the 
microwave response. For example, the dielectric constant of 
snow will be between that of air (< ■ 1.0) and ice (e « 3.2), the 
two components of snow, and can be estimated u a function of 
snow density using the standard dielectric mixing formulae. 
For a snow density of 0.5 gm/cm^ this yields a dielectric con- 
stant of 2. The rating emisiivity for smooth surface would 
be approximately 0.98 and a 1. very close to thi ^..ysical tem- 
perature should be observed. Indeed this is roproxim.«tel:' ob- 
served for long wavelengths O 10 vVid thick snowpacks, 
e.g., glaciers. For shorter wavelengths a more mteresting phe 
nomena is observed, volume scattenng bv the individual ice 
grains reduces T. by scatterJig sorr** of radiation out of the 
sensor fleld of view. This nu the etii a of introducing some of 
the cold sky brightness temperacure into the radiometer field of 
view, thus reducing the observed Tg . For the active microwave 
case volume scattering greatly increases the backscatter from 
the snow. This effect will become stronger u the wavelength in 
ice approaches the grain sixes in the snow, typically on the 
order of a mm. 
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Figure 5. Comparison of 21 cm Skytab brightness temperatures over the U.S. Great Plains with 
API, which were averaged over the 1 10 km resolution element of the spacecraft sensor. 

The X*s are from McFarland (1976). 
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Figure 6. Comparison of NimbusrS ESMR emiasivity ever the southern Great Plains. Data from the Remote 
Sensing Center of Texas A&M University (Blanchard et al., 1981b). 
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Expenments to dale have indicated that the microwave 
response of snow is dependent on a number of paraneters. 
depth, grain size, presence of liquid water, type and condition 
of the underlying media and the wavelength of the observation. 
Examples of these dependencies are presented in Figure 7 where 
results from radiometers operating in the wavelength range 0.8 
to 21 cm are given The radiometers were on the NASA Convair 
990 aircraft which flew over snow targets ui the western U.S. 
Three sites with different substrata were overflown. The first of 
these 1 $ Bear Lake, on the Utah^Idaho border, which had 15 cm 
Oi snow and 25 cm of ice over the water The second site was a 
nver valley south of Steamboat Spnngs, Colorado, which had 
80 cm of snow over a wet soil. The tlurd site was the South 
Cascade Glacier of the state of Washington which had 5 meters 
of snow over ice. This was at a point near the terminus or the 
end of the glacier. 

In this figure T» is plotted versus the wavelength of the 
radiometers. Note tne large variation in brightness temperature 
observed by the longer wavelength radiometers, indicating their 
sensitivity to the media underlying the snov due to the trans- 
parency of snow at these wavelengths. The &iOii wavelength 
radiometers, the 0.8- and I.S-cm* displayed the least amount of 
variation and, in general, displayed a lower bnghtness tempera- 
ture than the longer wavelength radiometers. This is due to 
the fact that they were responding pnmanly to the surface 
snow, which in general was dry with a density on the order of 
0.2 g/cm^ The lower bnghtness temperature for these wave- 
length radiometers is due to a volume scattering effect caused 
by the snow grams. 

At Bear Lake, the 2 1 -cm ra Tiometer has the lowest bnght- 
ness temperature, indicating that it is seeing the low bnghtness 


temperature of water through the snow As the wavelength 
decreases, the bnghtness temperature increases until the dry 
snow values for the 1 .5- and 0.8-cm radiometers arc reached 
Similarly, at Steamboat Spnngs, the 21-cm radiometer has the 
lowest bnghtness temperature, indicating that it is able to see 
the wet soil through the snow 

At the glacier, the 21-cm and 1 t-cm radiometers had the 
highest bnghtness temperatures, and the values observed were 
in good agreement with those calculated using the known 
dielcctnc properties for ice and snow As the wavelength de- 
creases at the glacier, bnghtness temperature also decreases, 
until the low brightness temperature values for the 0.8- and 
1.5-cm radiometers are reached, which indicates that these low 
bnghtness temperatures are in disagreement with the values cal- 
culated using the bulk dielectric properties for snow and ice. 

3.1 Snow Wetness 

Another important snow property that has a large effect 
on the microwave response at the shorter wavelengths is the 
presence of liquid water in the snowpack. For dry snow volume 
scattering reduces the observed T» by scattenng some of the 
radiation out of the sensor field of view When there is a film of 
liquid water on the ice grams the scattenng is reduced, the 
medium becomes lossy and behaves radiometncally like a black- 
body In Figure 8 the diumal vanations ofTg are presented for 
a case in which there is some surface melting at mid-day The 
snow temperature at 26 cm above ground (4 cm below snow sur- 
face) reached 0°C ai 1030 houn and remained near 0°C until 
about 2200 houn b./ which time the air temperature had 
dropped down to about ‘-4^0 causing the pack to cool again. 

The ground was m a frozen state throughout the diumal cycle. 
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Figure 8. Diumai variation of microwave brightness 
temperature measured from a tower at Steamboat Springs^ 
Colorado. From Stiles A Ulaby, 1980. 


Figure 9. Variation microwave brightness temperature 
with snow water equivalent. From tower measurements 
at Steamboat Springs, Ulaby & Stiles, 1980. 


The wetness, or percent free water by weight, lags the air tem- 
perature which went above O^’C at 900 hours, and continues to 
increase during periods of positive air temperatures. The wet- 
ness was measured by a calorimetric technique. The reason for 
the dip in free water at 1 100 hours is unknown but does to 
some extent follow the air temperature drop. Very low values 
of Tg are observed for the dry snow of the 0.81 cm wavelength, 
with a large, 80K, rise in T^ when the snow becomes wet. The 
rise in T^ St the 2.7 cm wavelength is much less but T^ does 
come close to the physical temperature of the snow. From 
these results it is clear that microwave approaches can detect 
the presence of liquid water in the snow and thus the onset of 
melt in the pack, whether or not the amount of liquid water can 
be determined is a subject for further research. This large diun* 
nil effect was also observed in Held measurements mtdt in 
Switzerland (Hofer and Matzler, 1980). 

3.2 Snow Water Equivalent 

The important question which remains is; can the micro- 
wave approaches yield a determination of the depth and/or 
water equivalent of the snow? Some studies have shown that 
this lowering of T. at the shorter wavelengths for dry snow is a 
(Unction of mow depth (Edgerton et al., 197 1, Ulaby and Stiles, 
1980). Figure 9 is a presentation of results from experiments 
conducted in Colorado by the University of Kansu which give 
an indication of this possibility. The microwave responses were 
observed for mowpacks which vere artiflciilly piled. The snow 
and air temperaturea were below 0*C during these experiments, 
therefore the snow wu dry. A T| change of 50K wu observed 
at the 2.8 cm wavelength for snowpack changes of 140 cm. At 
I shorter wavelensth, 0.81 cm, there wu a greater T^ change 
but the curve uturated for water equivalents greater than 30 cm. 
The difference between the two curves in Figure 9 points up the 
difOculty in applying these resulu, namely the dependence on 
snow dentir/. There wu a factor of two difference in the den- 
sity between the two experiments. The nrst having been done 
with newly fallen snow while experiment three wu done with 
twice u dense, older snow which presumably had larger grain 


sizes. Thus there is a sensitivity of the microwave responses to 
snow water equivalent, but this sensitivity will depend on the 
snow*s history and the nature of the underlying medium. 

The potei.tial utility of microwave approaches is shown in 
Figure 10 where values of Tg observed by the Scanning Multi- 
channel Microwave Radiometer (SMMR) operating at a wave- 
length of 0.8 1 cm on the Nimbus 7 spacecraft are compared with 
surface measurements of snow depth for Central Russia (Chang 
et ai, 1981). Snow depth values from ground stations were 
used to draw isohyets of snow cover, which were then averaged 
over 1^x1^ grid cells for comparison with the similariy aver- 
aged SMMR Tg's. An of 0.75 was obtained from the correla- 
tion which is very encouraging. Similar results were obtained 
using the 1.55 cm and 0.81 cm data from the ESMR's on Nim- 
bus 5 and 6 (Rango et d., 1979). In performing these analyses 
it is necemry that the air temperatures are below 0"C to insure 
that the stiow is dry, and to know something of the history of 
the snowpack. These requirements are complications which 
hinder the application of these space data for snowpack 
observations. 

These results are very encouraging for the possible use of 
microwave approaches to remotely monitor snowpack condi- 
tions for both total water content and the presence of liquid 
water. It ia clear that the latter quantity can be observed with 
our current understanding while the former requires still fu^ 
ther research to undentand how the effects of the snowpack 
history on the water equivalent relationship can be taken into 
account 


4. CONCLUSIONS AND RECOMMENDATIONS 

Results have been presented which show that microwave 
radiometric approaches are capable of monitoring the moisture 
content in the surface layer of the soil (5 cm thick), detecting 
the presence of liquid water in snow, and hold promise of being 
able to determine the water equivalent ot mowpacks and 
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Figure 10. Nimbu*>7 SMMR 37 GHz (0.8 cm) vertically polarized brightneu temperatures versus snow depth measured 
in Central Russia. The dashed curve is from a model assuming snow grain sizes of 0.4 mm. From Chang et al., 1981. 


delineating areas of rainfall over land. All these parameten 
are important for improved monitoring of piecipitation. 

Our understanding of the basic physics behind these appli* 
cations has proceeded to the point where microwave sensors 
can be dePmed which would be specifically for hydrologic appli- 
cations. These microwave senson would complement the infui^ 
mation currently available from existing visible and infrared 
sensors, specifically in such areas u soil moisture and snowps 
monitoring. 

At the present there are no plans to fly long wavelength 
radlometcn for soil moisture purposes, snd .Hose currently in 
space, i.e., Nimbus-7 SMMR, have too short a wavelength to 
penetrate significant amounts of vegwtation. However the 
SMMR dsts should be analyzed in a manner similar to that usixl 
for ESMR to determine its information content for critical 
wheat growing aitu of the world. This may lead to the devel- 
opment of potential techniques which can be used with DOD 
STMI data when it becomes available. Studies of possible 
spacebome long wavelength radiometen for soil moisture pur- 
poses should be initisted. 

The short wavelength channels on the Nimbus-7 SMMR 
have been shown to be very effective for snowpack monitoring 
and the complete data set from this sensor should be analyzed 
when it becomes svsilable. Systems with improved resolutions 
at these wavelengths should be pursued. 


5. REFERENCES 

Barton, 1. J., 1978: A (Tase Study Comparison of Microwave 
Radiometer Measurements over Bare snd Vegetated 
Surfaces. J. Geophys. Rea, 83. 3513*3517, 

Blanchard, B. J., M. J, McFarland, T. J. Schmugge, and 
E. Rhoades. 1981a: Estimation of Soil Mouturc with 
API Algorithms and Microwave Emission, To be published 
in Water Resources Bulletin. 

Blanchard, B. J., M. J. McFarland, S. Theis, and J. G. Richter, 
198 ib: Correlation of Spacecraft Passive Microwave 
System Data with Soil Moisture Indices (API) Final 
report RSC -3622-4, NASA contract NSG-5193, Remote 
Sensing Center, Texas A AM University. College Station. 
Texu 77843. 

BUnn, J. C , 111, J. E. Conel, and J. G. Quade, 1972. Micro- 
wave Emisaon from Geological Materials: Observations 
of Interface Effects. J. Geophys. Res., 77. 4366-4378. 

Burke, W. T. Schmugge, anJ J. F Paris, 1979: Comparison 
of 2.8 and 21 cm Microwave Radiometer Observations over 
Soils with Emission Model Calculations. J. Geophys. Rea, 
84, 287-294. 


D-259 


OKlG’tNAL I ^ 
OF POOR QUAi.ifY 


Chang, A. T C.. J L Foster, D. K. Hall, A. Rango, and B K. 
Hartline, 1981 Snow Water Equivalent Determination by 
Microwave Radiomctry, NASA Technical Memorandum 
82074, Goddard Space Flight Center, Greenbelt. MD 
20771. Submitted for publicaCiun to Water Resources 
Research. 

Choudhury, B. J., F J. Schmugge, R. W. Newton, and A. Chang, 
1979 Effect of Surface Roughness on the Microwave 
Emission from Soils. J. Gcophys. Res., 84, 5699-5706. 

Eagicman, J. R., and W. C. Lin, 1976: Remote Sensmg of Soil 
Moisture by a 21 cm Passive Radiometer, J. Gcophys. Res. 
81,3660-3666. 

Edgerton, A. T., A. Stogryn, and G. Poe, 1971: Microwave 
Radiometric Investigations of Snowpacks, Aerojet Gen- 
eral Corp., Final Report 1285R-4. 

Estes, J. E., M. R. Mel, J. 0. Hooper, 1977 Measuring Soil 
Moisture with an Airborne Imaging Passive Microwave 
Radiometer. Photognmmetnc Engineenng and Remote 
Sensing, 43, 1273-1281. 

Hofer, R., and C. Matzler, 1980 Investigations on Snow 
Parameten by Radiometry in the 3 to 60 mm Wavelength 
Region. J. Gcophy:. Res. 85, 453-460. 

Jackson, T. J., T. J. Schmugge, and J. R. Wang, 1981 : Effects 
of Vegetation on Passive Microwave Estimates of Soil 
Moisture. Proc. of IGARSS *81 Symposium, Washington, 
D.C, June 1981. 

Lundien, J. R., 1971: Terrain Analysis by Electromagnetic 
Means. Tcchr ^ Report No. 3-693. Report 5. U.S. 
Army Waterways Experiment Station, Vicksburg, Miss. 

McFarland, M. J., 1976: The Correlation of Skylab L-Bind 
Brightness Temperatures with Antecedent ^cipitaticn. 
Preprints Conf. on Hydrometeorology, Fort Worth, Texas, 
April 1976. 

McFarland, M. J., and B. J. Blanchard, 1977: Temporal Corre- 
lation of Antecedent Precipitation with Nimbua-5 ESMR 
Brightness Temperature. Preprints Second Conf. on 
Hydrometeorology, Toronto, Ont., Canada, October 1977. 

Newton, R. W., 1976: Microwave Sensing and its Application 
to Soil Moisture Detection. Technical Report RSC-81 of 
the Remote Sensing Center at Texas A&M University, 
College Station, Texas. Available from Univ. Microfilms 
order No. 77-20-398. 

Newton, R. W., and J. W. Rouk, 1980: Microwave Radiom- 
eter Measurements of Soil Moisture Content. IEEE T.ans. 
on Antennas and Propagation, AP-28, 680-686. 

Njoku, E. G., and J. A. Kong, 1977: Theory for Passive Micro- 
wave Sensing of Near-Surface Soil Moisture. J. Geophys. 
Res., 82, 3108-3118. 

Poe, C, A., A. Stogryn, and A. T. Edgerton, 1971 : Determina- 
tion of Soil Moisture Content Using Microwave Radiom- 
etry. Final Report No. 1684 FT-1, DOC Contract 0-35239 
Aerojet-General Corp., El Monte. California. 


Rango. A., (ed), 1975 Operational Applications of Satellite 
Snowcover Observations. National Aetonautics and Space 
Administration, NASA SP-391, Washington, D C , 430 pp. 

Rango, A., and K. 1. Itten, 1976: Satellite Potentials m Snow- 
cover Monitonng and Runoff Prediction. Nordic Hydrol- 
ogy. 7. 209-230 

Rango, A., A T. C. Chang, and J L. Foster, 19*^9 The Utiliza- 
tion of Spacebome Microwave Radiometers for Monitoring 
Snowpack Properties. Nordic Hydrology, 10, 25-40 

Schmugge, T„ 1973: Microwave Signature of Snow. Proc. of 
the Annual Science and Technology Review GSFC, 
National Aeronautics and Space Administration. NASA 
SP-361,pp 193-195. 

Schmugge, T. J., P. Glocrscn, T. Wilheit, and F Geiger, 1974 
Remote Sensing of Soil Moisture with Microwave Radiom- 
eters, J Geophys. Res. 79, 317-323 

Schmugge, T. J., T. Wilheit, W. Webster, Jr., and P. Gloersen, 
1976 Remote Sensing of Soil Moisture with Microwave 
Radionietcrs-II. NASA Technical Note TN D-8321. 
NTIS Order No. N76-32625. 

Schmugge, T. J., J. M. Mcnccly, A. Rango, and R. Neff, 1977 
Satellite Microwave Observations of Soil Moisture Varia- 
tions, Water Resouces Bull., 13, 265. 

Schmugge, T., 1978: Remote Sensing of Surface Soil Moisture, 
J.ofAppl. Meteor., 17, 1549-1557. 

Schmugge, T. 1., 1980; Effect of Texture on Microwave Emis- 
sion from Soils. IEEE Trans, of Geoscience A Remote 
Sensing, GE-18, 353-361. 

Stiles, W. H., and F. T. Ulaby, 1980: The Active and Passive 
Microwave Response to Snow Parameters, Part I: J. Geo- 
phys. Res. 85, 1037-1044. 

Ulaby, F. T , and W. H. Stilci, 1980; The Active and Passive 
Microwave Response to Snow Panmeters, Part II Water 
Equivalent of Dry Snow, J. Geophys. Res. 85, 1045-1049. 

Ulaby, F. T., A. K. Fung, and W. H. Stiles, 1978: Backscatter 
and Emiiaion of Snow; Literature Review and Recom- 
mendations for Future Investigations, RSL Tech. Report 
369-1, Univenity of Kansas Center for Research, 

Lawrence, Kansas. 

Wang, J., T Schmugge, and D. Williams, 1978: Dielectric Con- 
stants of Soils at Microwave Frequencies - II. NASA Tech 
Paper TP- 1 238. 

Wang, J. R„ and T. J. Schmugge, 1980: An Empinotl Model 
for the Complex Dielectric Permittivity of Soils as a Func- 
tion of Water Content IEEE Trans. Geoscience A Remoti 
Sensing, GE-18, 288-295. 

Wang, J. R.. J. C. Shiue, and J. E. McMurtrey, 1980 Micro- 
wave Remote Sensing of Soil Moisture Content over Bare 
and Vegetated Fields. Geophys. Res. Lett., 7, 801-804. 

Wilheit, T- T., 1978; Radiative Transfer in a Plane Striufied 
Dielectric. IEEE Trans. Geo. Electron., GE-16, 138-143 


D-260 



t U83 25 30S 


Oi\f< r; V ’ . 

f^GO.'i Q ALiTY 


^3 


SPACEBORNE PRECIPITATION RADAR 

J. Eckenaan and R. Meneghlnl 
NASA/Goddard Space Flight Center 


Spaceborne precipitation radar design is shown to be tightly coupled to 
the application of the precipitation data. A methodology for selecting 
radar parameters is presented. Radar system performance results from 
simulations for several radar configurations are presented. In die studies 
thus far, more emphasis has been placed on rain rate retrieval algorithms 
and sources of errors than on selection or design of specific antenna 
and electronics components. Space applications requiring precipitation 
information are categorized as needing either rain rate or rainfall 
data. For the latter case, radar beam-averaged rain rates sampled several 
times dally will be adequate. Systems which provide rain rates on a 
global basis must retrieve the vertical distribution of precipitation. 

The accuracy of the retrieved rain intensities is a function of beam- 
filling, radar calibration, measurement strategy and sampling strategy 
(number of independent pulses per dwell time for storm snapshots and 
time between snapshots for rainfall). Measurement strategies include 
single frequency/unattenuated, single frequency/partially attenuated, 
single and multiple frequency/moderately attenuated, combined radar/ 
radiometer, dual polarization and the surface reference technique. 
Methodologies are of two kinds: (1) assume empirical relations between 

radar reflectivity, attenuation coefficients and rain rate or (2) assume 
two parameter drop size distribution (DSD) and determine the DSD para* 
meters from the radar-observables. Radar system design parameters 
(antenna, PRF, pulse duration, frequency, etc.) are directly determined 
from the meteorological requirements (storm types/dimensions, accuracies, 
minimum and maximum rain i.'ates). Radar system performance has been 
studied using deterministic and statistical models. In general, multiple 
wavelengths are needed to provide reasonably accurate (13%) measurements 
over a sufficient range of rain intensities. Range cell beam filling 
causes significant uncertainty in rain rate retrieval for large beam 
widths (comparable to storm height). Precipitation retrieval for range 
cells close to the ground are ground clutter contaminated. Accurate 
vertical profiling is only feasible when the beamwldth is smaller (1^2 
to 1/4) than the storm height. In practice antenna dimensions for the 
narrow beamwldth case are much larger than for wide beamwidths and will 
probably be developed for the second generation systems. The more modest 
cost and complexity of the wide beamwldth radars are candidates for the 
initial effort. 
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The major tested space**based technique for mapping of precipitation is the 
microwave radiometer. The electronically-scanned microwave radiometer (ESMR) 
on Nimbus-5 has provided continuous global surveillance of the Earth since 
1973. At the 19 GHz ESMR frequency, beam-averaged rain rates are 
determined over oceans; over land the upwelJing radiation from the surface 
masks the precipitation effects and does not permit a direct precipitation 
determination. Advanced spaceborne microwave radiometers with large antenna 
will not have the beam filling problem of ESMR-5 data. The radiometer deter- 
mines the total attenuation by the precipitation in the main lobe. The 
specific attenuation is computed by ratioiug the total attenuation to assumed 
climatological storm height. The rain rate is determined from an empirical 
linear relation between specific attenuation and rain rate. This relation 
is approximately independent of drop size at wavelengths of the order of 1 
to 1.5 cm. The resultant precipitation rates are computed to be in error by 
about ;^50Z. Extension of the radiometer technique to observations over land 
is under study now. However, it is not expected to result in a quantitative 
determination of precipitation Intensity despite the fact that the Nlmbus-6 
ESMR and Klmbus-7 SMHR data have shown that under some conditions (wet soil) 
precipitation can be discerned. The measurements which cannot be mde 
radiometrically but are feasible for radar are: 

—Rain over land 

—Vertical distribution of rain (profile) 

—Determination of storm vertical structure 

—Rain intensity measurements over 2 orders of magnitude 

In many ways radar and radiometer can complement each other. The optimum 
precipitation sensor may be a combination of the two instruments. In 
the present paper we discuss the characteristics and performance of 
spaceborne precipitation radar systems. 

Although precipitation is an Important parameter in many of the space 
applications, there presently are no operational models which require 
precipitation data. Various space applications are listed in Table (1) 
below. 
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Table (1) 



1 



Rain Fall 

Rain Rate 

Global Weather 

Storm location 
Severity 

Global Circulation 
Models 


Severe Storms 

Latent heat. 
Amount of water 

Floods, Tropical 
Cyclone paths 


Climate 

Latent heat 
Soil Moisture 



Agriculture 

Soil Moisture 

Crop Damage 


Water Resources 

Soil Moisture 
Amount of Water 

Floods 


1 

j 

Ocean Processes 

1 

1 

Ship Routing 



Oil Rig Safety 



Beside each application are tabulated the uses or appropriate rain para- 
neters under a heading of either rain fall or rain rates* It Is Important 
to make the distinction between these two quantities since rain rate data 
requires a radar which profiles the precipitation. Rain fall, the time 
Integral of rain rate, can be obtained with beamveraged observations 
and In some Instances may not be as demanding as a rain rate measurement. 
An Important part of precipitation determination by radar Is the specifi- 
cation of the minimum and maximum rate for which accurate observations 
are to be made. This aspect of the problem Is highly appllcatlons- 
orlented. Consider the statistical data In figure (1) on the percent 
of time various rail, rates are exceeded for a maritime climate* This 
data leads to the percent of rainfall contributed at those rates as 
indicated In figure (1). Notice that less than lOZ of the total rainfall 
Is contributed by rain rates above 10 mm/hr. So that If we are primarily 
concerned with applications tdilch need only rainfall, small error would 
be made by limiting the maximum rain rates to a relatively low value. 

Of course this type reasoning would have to be extended to other rain 
regions and the desired rainfall accuracy decided by the users before 
an upper limit was finally decided upon. Nevertheless, the philosophy 
of picking the primary applications and culling the requirements from 
them cannot be overstated. The precipitation radar system for a 10 mm/hr. 
■axlmurn rain rata is considerably simpler and less expensive than one 
which must detect rains up to 200 mm/hr. 
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The output of precipitation radars is global storm snapshots which 
are very powerful meteorological tools. However, from polar low Earth 
orbit even with very wide swath, each place on Earth is visited at 
most 2 times dally. At lower orbital inclination, e.g., 50°, this is 
increased to 3 or 4 times dally. With a single spacecraft, the utility 
of these infrequent snapshots is limited to such long-lived storm systems 
as hurricanes and other tropical cyclones. More frequent coverage 
requires either more low earth orbit satellites or use of geosynchronous 
orbit. At these large geosynchronous orbital distances, the antenna 
needed to resolve storm features is too large co be practical (500 m) 
within this century for real aperture radar. 

Introduction 


The possibility of observing precipitation from a spaceborne radar 
has been feasible for many years, Approaches have been advanced 

including scanning beam and pushbroom optics at frequencies from 10 to 
35 GHz. However, until recently complete system simulations had not 
been performed so that estimations of radar performance were very 
restricted. 

The design of a spaceborne radar is similar in many .respects to a ground- 
based radar. The scanning beam of the ground radar generates a storm 
image by sweeping through the nearby storm at low elevation angle. 

Rain properties are Inferred from the backscattered ''igr.al. From space 
the storm is illuminated at a large incidence angle ('^'45°) in order 
to have a large swath width. The antenna must rotate fast enough so 
that consecutive beam arcs are contiguous. The satellite notion advances 
the scanning radar beam through the atmosphere building up a 3-D (RHI/PPI) 
image of the storm. The ways in which the spaceborne radar differs 
from a ground-based cousin are: 

— ^The satellite-based radar is much further from the storm than the 
land-based radar. Consequently, the beamwidths (diffraction limited 
antennas) are larger (lower resolution) 

—The space-based radar looks down on the storm. 

a. In the case of stratiform rain, the radar penetrates both an 
ice layer and a melting layer before reaching the rain layer. 

b. The space-based radar beam terminates at the Earth surface 

—It is not possible to obtain storm drop size distributions %rith 
nearby dlsdrometers, etc. 

The consequences of these key differences constrain r'ne radar design 
significantly. 

The lower resolution requires that the antennas be as large as possible 
and frequencies as high as possible in order to minimize the beam filling 
problem. The optimum resolution is of the order of the minimum storm 
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cell width (1 kn). Tae minimum resolution Is the average height of 
the T9 In layer (<\.4 km)< The Incidence of the learn on the ground has 
two negative aspects: (1) eight sldelobe control Is necessary In 

order to minimize ground clutter, and (2) those main lobe range bins 
which contact the ground are not useful In observing the rain nearest 
the ground. On the plus side, however, the ground may provide a reference 
surface for determination of beam-averagv^d attenuation. 

A consequence of not knowing the actual drop size distribution within 
the storm la that the precipitation retrieval method must either be 
Independent of dropslze or else two Independent measurements of the rain 
must be made. If only a single measurement is made, then a drop slr.e 
distribution must be assumed which results In errors In the retrieved 
rain rates. Several strategies are discussed in this paper. 

The Relation of Application Requirements to Radar System 

Precipitation radar system parameters are directly and tightly coupled to 
the applications requirements. Meteorological program priorities will 
provide the keys to the radar system designs. The Importance of such 
lies In sensor econoad.es; the more stringent the performance requirements, 
the greater the system cost. A systems trade off diagram, figure (2), 

Illustrates these Interrelations. For example, the resolution of the 
system Is determined by the accuracy requirement through the beam 
filling and the types of storms to be emphasized, etc. The greater 
the required accuracy, the more resolution and the larger the antenna. 

The lumber of simultaneous radars and their frequencies Is affected by 
the minimum and maximum rain races. 

Optimizing the radar for a special set of requlveaents does not obviate 
surveillance cf ocher types of storms since perfommnee of these radars 
degrades gracefully around the boundary limits. However, at extreme 
values of rain tate, only detection of upper range bins will be possible. 

This means that the storm cells will be mapped but quantitative information 
cannot be obtained. Similarly, for rain Intensities below the lower 
bound, slgnal-to'-clutter problems decrease the accuracy of the determination 
but again, detection Is feasible below the optimized design values. 

The mathematical formalism for computing the preclpltatlnn radar parameterj 
Is very straightforward and has been presented In several technical reports 
over the past few years and will not be repeated here. The two major 

engineering decisions which must be made are the antenna configurations 
and the signal processing strategy. These are discussed In the next 
sections of this paper. 


kadar Antenna Configurations 

Mechanically scanned antennas dwell for a finite time at each resolution 
element. Contiguity requirements cause the dwell time to be reduced as 
the IFOV Is decreased* Unambiguous precipitation radar FRF Is constrained 
by the storm height. The number of pulses per resolution cell or indepen- 
dent samples thsn decreases with smaller IFOV. For tne IFOV's of 4 km 
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(melting layer hel^t) epproxlnetely 13 puleeo can be received. If 
additional Independent aamplea are needed, aeveral atrateglee are avail- 
able. Additional radars can be added each with a separate fe«d. Using 
the same feed, frequency diversity methods will permit operating multiple 
radars through the same feed and receiver. Other approacht-j are the 
>lse pulse method of Brook and Krehblel or pulse compression technique. 
These last techniques decrease the slgnal-to-nolse ratio wbilb increasing 
the effective number of Independent samples and teducln;. system sensitivity. 

For IFOV of strong convective cell diameter (2 km i)), a ccnventlcnally 
pulsed, single beam radar will receive only 4 pulses/IFOV. Twenty-five 
beams/radar are needed to Integrate 100 pulses to achieve a lOZ measurement 
accuracy. However, more than 12 beams displacement produces excessive 
distortion with an off-axis parabolic antenna. 


An alternative geomecry is the puahbrooot or simultaneous fixed-beam 
approach. A phased array antenna Is u'<ed la a multiple be.'.m mode with 
a single beam/radar per IFOV. For vrr;* large swath width, this requires 
many more radars then the scanning multiple beam; however, the numter 
of pulses available for Integra tlon/lFCV - 8,000. This results In a 
variance of approximately IZ In the retrieved signal making pushbroom 
the best configuration for achieving high accuracy with high resolution. 

At GSFC we have studied tru pushbroom configuration and found It to be 
complex, but feat.ble. 

The scanning multiple beam (whisk broom) system Is currently under study. 
The off-axis paiabollc antenna lends Itself to multiple frequency, and 
comlned radar /radiometer, as well as dual polarization operation. The 
basic antenna Is simpler and less expensive chan the pushbroom. For 
coarse resolution, the whlskbroom approach wins. Of course, beam 
filling problems will lladt system accuracy. 

M odelling Spaceborne Radars 

Some of Che differences between ground-based and spaceborne radars have 
been mentioned above. For spaceborne applications, non-attenuating 
wavelength radars have several disadvantages. The restrictions of the size 
of spaceborne antennas make It difficult for an S-band radar to resolve 
Che more Intense reglcta of rain race. As the resolution r<iqulrements 
are relaxed, the partially filled range cells lead to errors caused by 
spatial averaging and small signal-co-nolse ratios. Apart from the errors 
caused by poor resolution, rain rate determlnatiop at S-band Is hindered by 
lower senaltlvlcy and errors In the callbcatlon constaoc and Z-R law. 
Attenuating-wavelength radarr provide better resolution for a fixed 
antenna size. However, If use Is made of the standard rain rate 
algorithm for these wavelengths, Che accuracy of the estimate 1« seriously 
degraded by errors In the calibration constant and In the k-R, Z-F 
relations. In fact. It Is well knov:a(^) that whenever the attenuavirn 
Is signlflesnc, the errors In the standard rain rate estimate a e 
usually much greater chan chat at non-atteni'^tlng wavelengrhs. IhiiC 
have been several proposed solutions to this problem, n.'mt of .ch 
have two common features: (1) the method.^ make use of two o. mors 
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Independent neasuremente, at least one of which Is directly related 
to the attenuation, and (2) the measured attenuation Is used to obtain 
the DSD or the rain rate thus bypassing the need for using the calibra- 
tion constant or the Z-R law. Some of the methods that conform to 
this description are the dual wavelength the radar-radiometer 

and the surface referei.ee/total attenuation methods. It should 
be noted that even though the dual-polarlzatlon method has been 
used primarily at S-bend frequencies, It may be possible to generalize 
It to X- aid K-band frequencies. 


The discussion above Implies that a fairly large number of methods 
(Including the standard S-band method) need to be analyzed for their 
potential application to spaceborne radars. The survey of the tech- 
niques must be done In the context of a spaceborne geometry where 
effects such as partial beamfllUng, ground clutter and the bright band 
can be properly assessed. It Is also evident that the performance 
of the various methods depends on the radar design parameters such as 
the operating frequencies, beamwldth, range resolution, etc. Thus, 
the purpose of the model Is to aid In selecting the best comblnatlon(s) 
of radar design-radar algorithm for a spaceborne radar. For the 
remainder of the paper we will discuss the development of such a model, 
present several examples from a simplified version of It and finally 
describe Its application to one of the techniques mentioned above. 

The model Is composed of deterministic and statistical sections. In 
the former, the mean return power from the rain and the surface are 
calculated as functions of distance Into the storm. For all cases 
we assume that the scanning antenna provides contiguous coverage over 
the swath. This requirement. In turn, places constraints on the resolu- 
tion, scan rate and number of samples that are available In each range 
bln. The meteorological model can be constructed by using three-dimen- 
sional radar-derived reflectivities (obtained, for example, from the 
Spandar) or by employing storm models derived from this or comparable 
data. For most of the work done thus far at Goddard, simple meteoro- 
logical models have been used. Once the number of potential methods 
and radar systems have been narrowed, however, the use of actual data 
or more realistic storm models are warranted. Among the more Important 
meteorological parameters that Influence spaceborne measurements are: 
the finite extent of the precipitation, variable rain rates, the presence 
of lee and the bright band. An account of the surface return Is also 
necessar/ since It can be a major source of error, especially for rain 
rate determination Just above the surface. 

Among the radar system parameters to be Investigated are: the antenna 

dimension and gain pattern, the operating frequencies, range resolution 
and alternative waveform strategies which Include pulse compression 
the broad-hand radar frequency agility and multi-beam techniques. 

T>.e various waveform possibilities are of particular Importance for high 
resolution radar since In these cases a single beam monochromatic radar 
does not provide a sufficient number of Independent samples to accurately 
detenalne the mean return power. 
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Once the meteorological and radar parameters are set, the mean return power 
from the surface and the hydrometeors can be computed as a function of range* 
These profiles of return power do not in themselves tell us how well the 
rain cate can be estimated. They are useful, however. In chat they show the 
effects of attenuation, clutter, partial beamfllUng, etc. More Importantly, 
the profiles provide Che basic Input data to the meteorological algorithms. 

In figure 3 the range bins and a schematic of the return power are shown for 
a down**looklng radar beam of width comparable to the storm height. The 
simple storm model used Is a horizontal slab of uniform rain rate* In figures 
4 and 5, the logarithm of the receiver noise, N, the rain rate, R, and the 
surface or clutter return, C, have been plotted at each range bln. The 
abscissa Is the slant range measured from the storm top downward Into the 
precipitation. In figure 4 we have chosen an antenna dlaoeter-to^avelength 
ratio, D/X, equal to 300, A - 0.86 cm, R ■ 10 mm/hr for a 5 km storm height, 

700 km satellite altitude and 1000 w peak transmit power. Several features 
of Che plot are worth noticing. In the first several range bins, the rain 
return power Increases because of the progressively greater fractional 
volume filled with precipitation. After the peak rain return has been reached 
(corresponding approximately to the first fully filled bln) It begins decreasing 
with a slope proportional to the attenuation coefficient* This behavior 
continues until the range bln In the main lobe Intercepts the surface; there** 
after, ths rain returns fall off more rapidly because of the smaller volume 
of rain contributing to the backscattered power. The surface clutter follows 
a somewhat reversed progression. This contribution arises from the backseat-* 
tered power from the annulus formed by the Intersection of concentric spheres 
with a flat earth. As the radar pulse propagates through the storm, the 
Inner and outer diameter of the annulus expands until a portion of It Intersects 
the main lobe. This Intersection corresponds to the broad maximum of the ground 
return shown In the figure. From the figure It Is evident that unless the 
clutter power can be separated from the rain return (by means of Doppler 
processing, for example), the rain rate can not be estimated at those range 
bins near the surface. 

In figure 5, D/A > 1000 and all other parameters are unchanged from those In 
figure 4 . It can be seen that the finer resolution reduces the number of 
range cells that are degraded by partial beamfllLLng or clutter* Furthermore, 
with resolutions of this order (1 km) the more Intense tain rate cells can 
be detected. There are, however, system costs for the Improved performance 
with antennas of this size such as the Increased fabrication difficulty and 
cost as well as the need for a more complex system design to provide a 
sufficient number of Independent samples. 

The purpose of the deterministic model Is to simulate the radar return power 
from a particular storm. To gauge the capability of the various techniques/ 
algorithms to estimate the rain rate or other meteorological parameters, the 
sources of error must be accounted for. Some of the systematic errors Include 
beamfllUng effects and offsets In the radar calibration constant. Random 
errors Include the variability in the return power as well as variability 
In the k~R, Z-R, k-Z laws. These random errors depend on the number of 
independent samples (return power) as well as the deviations of the actual 
irop temperature, drop~slze and velocity distribution from the assumed values 
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(k-R, Z-R, k-Z laws). The necessary data (with the sources of error Included) 
is next Inserted into one of the meteorological algorithms. By means of a 
Monte Carlo simulation, particular realizations of the estimate are computed. 
These realizations correspond to the values that the random variables assume 
in accordance with prescribed probability density functions. Continuing 
in this way over a sufficient number of such realizations, the sample mean 
and variance of the estimate are computed. Two examples of the simulation 
results are shown in figures 6 and 7. We have used the data from figure 4 
to generate figure 6 and the data from figure 5 to generate figure 7. The 
algorithm employed is from the surface reference technique. Each plot gives 
the mean and standard deviation of the pa th'inte grated rain rate, (both 

normalized by the true tain rate) as well as the normalized mean and standard 
deviation of two estimates of range profiled rain rate, R^, R2> Since R^y is 
not a function of range, we obtain single values for the normalized mean 
and standard deviation. In the figures, this normalized mean is represented 
by a horizontal line. At the end of this line a vertical bar is plotted 
of magnitude equal to twice the normalized standard deviation of Rav* 

The same conventions are used to display the normalized mean and standard 
deviation of R^, R2> in this case, however, we plot these values at each 
range bln. A comparison of the two figures shows that the accuracy of the 
rain rate estimates is improved by using a higher resolution radar. 


Summary 


The number of methods and the variety of radar parameters that must be 
studied as a first step toward building a spaceborne radar necessitates 
the development of a model. In this manner a systematic analysis can be 
carried through to determine the accuracies, dynamic range, and profiling 
capabilities of various radar designs and algorithms. In this paper we 
have discussed some of the features of spaceborne radars and described 
a possible model by which these features can be studied. 
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1. Introduction. 

Satellite borne instruncnts for atmospheric 
proning are presently restricted to passive 
radiometers operatinp, in the infrared and micro- 
wave spectral regions and observing emission 
from earth surface, clouds and precipitation and 
the clear atmosphere for the channels set in the 
vicinitv of strong gas absorption lines. These 
instruments do not provide ranging capability 
with the exception ot indirect measurements of 
cloud top assuming black body radiation and 
thermodsnamic equilibrium. 

Direct ranging capabilities have to be 
obtained from an active system using some form 
of timing of a transmitter signal. Microwave 
radar and Lidar techniques provides such ranging 
capabilities but have been implemented only for 
sea state and wave height measurements. When 
applied to atmospheric probing by satellite, 
the microwave radar must rely on narrow antenna 
beams providing subsatellite foot prints compara* 
ble with that obtained by use of infrared radio- 
meters. Since any instrument installed aboard a 
satellite is severely restricted in terms of 
antenna size and available power, this require* 
ment is met only by a radar operating at a very 
short wavelength despite the increased attenua- 
tion of microwave radiation by hydrometeors at 
these frequencies. Fig. I shows the general 
behavior of atmospheric absorption as a function 
of radiation wavelength in the cent imetric and 
millimetric wave spectral region, which also 
restricts the choice of wavelengths. Although 
the absorption increases gradually with decreasing 
wavelength, several acceptable windows at 35, 

140 and possibly 2^0 OH: are apparent. 

This paper will explore the performances and 
characteristics of a satel 1 ite-bome radar 
operating in this millimeter wavelength region 
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FtK‘ 1. Atmospheric attenuation at the earth 
surface in clear air. 

of the spectrum with emphasis placed on the 55 
and 94 GHi frequency bands for which basic hard- 
ware components and systems have been extensively 
developed. Although the installation ami opera- 
tion of a millimetric wavelength radar aboard a 
geostationary satellite is not completely unthink- 
able, we will concentrate on a satellite placed 
in a conventional sun synchronous polar orbit 
located at a mean altitude of :^pproximmtely 600 
to 1000 kms. 


2. Attenuation at Millimeter Wavelengths. 

In the Ravleigh region, i.e. D/> '0.1 where 
D is the particle diameter and ^ the radiation 
wavelength, the attenuation cross section of a 
spherical particle Is given bv 


with the scattering attenuation term*' 
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negligible. The signal attenuation is 
proportional to the liquid water content and 
controlled by the imaginary part, IM (-k) of 
the index of refraction of the particle (essen- 
tially water or icc). IM f-k) increases roughU 
with l/> in the centimctric wavelength region 
and then decreases slightly above ^ » 1 cm. 

Fig, ? which shows the attenuation produced 
by a ci^ud of liquid droplets, illustrates this 
behavior and indicates a temperature effect 
which is considerably reduced at higher frequen- 
cies and essentially disappears at 170 or 180 ClHz. 
Locations of the ka-band (35 CHt) and w-band 
(94 GHz) windows are also indicated. 



Fig. 2. Rayleigh attenuation by clouds. Note 
that the temperature effect disappears 
at approximately 200/300 GHz. 

Raindrops are definitely outside of the 
Rayleigh region at millimetric wavelengths so 
that the calculation of attenuation must rely 
on some estimate of the distribution of liquid 
water as a function of particle size. Although 
drop size distributions may vary considtrably 
with the precipitation nature and location, 
typical or conventional functions such as 
Marshall Palmer (I94g) and Laws and Pearsons (1943). 


etc. ma> he assumed . M;m\ 'H’l'l tc.'^t lon^ covering 
the subject can he found in the literature a-ic* 
Fig. ' indicate'^ tvpical re'-ult'i for the change 
of i'teniiatior sith radutioi. wavelength at the 
different prec ipi t.it ion inten-’ties indicated, 
as derived from Set:er*s computations 

which have been selected as matching experimental 
data ({Uitc well. One secs that the absorption 
coefficient increases steadily up to I0<VI50 (dl: 
and then remain almost constant for higher fre- 
quencies. Note that attenuation in ram con- 
ditions still increases by a factor of 2 from 
35 GHz to 94 GH: (from 4 ao l.«*^ to S db km* ^ 
for 16 mr hr"* ram). 



Fig. 3. Attenuation by atmospheric gases. 

clouds and precipitation at the rates 
indicated. 

3. lack Scattering and Reflect Ivity . 

In the Rayleigh region the backscattering 
cross section of a sphere is given by 

. * D I**! 

w 

\ 

and therefore increases drastically witt. shorter 
radar wavelength. |k| is derived frrm the 
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complex index of refraction of uater v\host rej^_ 
and imaginary parts varv appreciabl) from centi* 
metric tomiUimetric waves. However, does 

not change significantly (approximate! v 0.6 to 
0.9) except for ice ({ki ^ 0.2), This is illus- 
trated in Fig. 4 which shows the relationship 
between the backscattenng cross section of a 
water droplet and its diameter at different wave- 
lengths. One sees that the Rayleigh scattering 
dom xn virtually exten...> to 1 mm of diameter 
at w-band (A s 0,33 cm) and to 2 or 3 mm at k 

a 

band. Therefore a substantial increase of 
reflectivity from A = 0.33 cm to A = 0,85 cm is 
only expected for particle diameter smaller than 
1 mm; note that the band is still superior 
to X band up to a 3 nun size. 
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Fig, 4. Backscattering cross section of water 
spheres as a function of diameter for 
the radar wavelengths discussed in the 
text. 


The evaluation of the radir reflectivity, 
n * yn(D) <?(D) dD, of a given cloud implies the 
specification of its droplet size distribution 
n(D), which Varies with the cloud type. To elim- 
inate the need to specify n(D), the An reflecti- 
vity contribution due to a fraction M of the 
liquid water assigned to a given uniform particle 
size can fie evaluated from: An « No, where N 

is the ratio between M and the droplets individual 
mass. 


l\e have: 





The results of this equation are shown in Fig, 5 
for various UVC and for both 0,85 cm and 0.33 cm 
wavelengths. For instance, a cloud containing 
1 mgr m*'^ of liquid water divided into 10 p 

size particles, has a reflectivity of 7 cm ^ 

- 14 - 1 

and 5 10 cm at ka-band and w-band respectively. 
These resulrs should be interpreted in terms of 
act lal droplet size distributions by assessing 
1 ’’backscattering weighted’* mean diameter. 
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Fig, 5. Radar reflectivity of a cloud composed 
of droplets having identical size as a 
function of that size for given liauid 
water content. The cloud reflectivities 
calculated by Crane (1977) are also 
indicated. 


4, Detection Capabilities of Radar. 

In order to assess the performance of a 
given radar for the observation of cloud and 
precipitation the above reflectivity estimates 
should be compared with sensitivty threshold of 
that radar. The sensitivty of several radars 
for distributed targets can be easily compared 


D-279 


T 





CP.' 

OF PC Ok 


by manipulating the radar equation in the following 
way. The power density 6 at range, R, given 
by: 



4ttR 

where is the transmitted power and G the 
antenna gain with respect to an isotropic 
radiator. The received power, P^, is given by: 

6oA 

n - e 



where is the effective area (including efMcien- 
cy factor) of the receiving antenna. The antenna 
gain can he represented by G = 4 tiR /S where S 
is an effective beam cross section derived from 
the antenna radiation pattern and including 
antenna efficiency. The scattering volume, V, 
assuming a target filling the beam completely, 
is expressed by V ■ S • h where h * tc/2 
(t pulse width) is its radial dimension. The 
effective radar cross section, o, for the whole 
scattering volume, V, is given by on * V. We 
therefore have: 


4itR 

If we impose the same constraints in terms of 
maximum available power, receiver noise figure 
and physical dimensions of the antenna for the 
three radars, the minimum reflectivity threshold 
is identical for the three radars regardless 
of wavelength, pulse length, etc. Such esti- 
mate of reflectivity sensitivity was made for 
a pulse radar installer aboard a satellite orbit- 
ing at an altitude of 800 kms. The radar para- 
meters are the following: antenna diameter: 

1.5 meters, pulse length: 300 meters, receiver 

bandwidth: 500 KHz, receiver noise figure: 8 db, 

and incoherent signal integration over 50 pulses. 
The results of these computations show that, in 
these conditions, a unity signal-to-noise ratio 
is obtained for a target reflectivity of 
3 10*^^cm"^, If we compare this evaluation with 
the estimates of reflectivity presented in Fig, 5, 
we see that such radar will be able to detect the 
top of practically all clouds including fair 
weather cumulus at the \ • .33 cm wavelength. The 
longer \ ■ .85 cm wavelength will detect only 
the cloud regions where particle's size reaches 


100 u and of course the precipitation regions. 

Absorption will limit tlie possibilit) of 
detecting precipitation in the cloud low levels. 

We should remember, however, that the satellite 
is in an excellent position since it is observing 
storms from their top where absorption is reduced 
and this facilitates penetration of the storm. 
Therefore, the altitude levels where the intensity 
of backscattering adequately reflects the inten- 
sity of severity of tlie storm, arc effectively 
reached. The use of two wavelengths proposed 
here should also offer means to assess the storm 
characteristics or intensity from both absorption 
and reflectivity viewpoints. Indeed, rather 
than attempting to accurately estimate radar 
reflectivity at selected altitudes, 
by correcting for absorption, it would he more 
appropriate to design general algorithms accept- 
ing and processing the whole set of raw data 
input i.o, the vertical profiles of radar return. 
This procedure would be directed towards the 
interpretation of a set of data in terms of storm 
and cloud parameters useful at the synoptic 
scale such as intensity, severity, estimated 
rainfai: output, etc. This requires that consi- 
derable effort be devoted to the design of 
representative models for convective or widespread 
storms and the processing algorithms. 

Thi.s approach is not much different in 
principle from the use of the methods or algorithms 
applied to the inversion of atmospheric/earth 
radiation satellite measurements conventionally 
applied to microwave and infrared radiometer 
data. The radar technique, however, allows 
range discrimination, which is not the case for 
the radiative transfer equations as they blindly 
include all contributions along a line integral. 
Note that such emission data could also be 
obtained at the radar wavelengths by the inter- 
mittent use of the radar receiver as a radiometer. 

Although the satellite is located at a 
great distance from the earth, the only region 
where backscattering Is anticipated is limited 
to the range interval between the earth surface 
and the maximum altitude of clouds or storms. 
Therefore the unambiguous range requirement 
common to pulse radars is limited to that range 
interval only, which allows that a substantial 
repetition rate and pulse duty cycle be used. 
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The antenna bean must be narrou and capable of 
beine ‘'^anned across the di rotation of the Natci- 
lite flight in a manner inaiogous to some of the 
microwave sensors aboard the Nimbus satellites 
for instance. T>iO separate antennas for trans- 
mitting and receiving are recommended so 
that the receiver noise figure is easilx opti- 
mized, the implementation of poiaritation 
technujues made simple and the use of the 
receiver section of the radar s>5tem as a 
sensitive radiometer made possible. If the 
antenna scanning angle is limited to *15° 
(approximately 300 kms swath) the range inter- 
val required by the maximum atmosphere "thickness" 
will be approximately 18 kms, allowing a pulse 
repetition period of 120 LiS. 

The satellite is at an altitude of 750 
to 1000 kms so that the radar signals reach 
the receiver approx i mat civ 5 ms after they 
have been transmitted. It is therefore pro- 
posed to keep the transmitting antenna pointed 
in a given direction for 5 or 10 ms during 
which 50 to 100 pulses will be transmitted. 

The transmitter antenna can then start to move 
to a different direction while the receiving 
antenna still remains in the same position until 
the last signal is received and then move to 
the next transmitter position. Such antenna 
scanning schemes may be associated with complex 
mechanical or electronic solutions difficult 
to implement aboard a satellite, but would opti- 
mize target dwell time. A radar beamwidth of 
approximately 0.15 to 0,- degrees 
(for a nracfical antenna size of 
diameter 150 cm) is recommended. This beam- 
width produces a 3 db footprint of 2 to 4 Kms 
for a satellite orbit altitude of 800 kms, and 
the vehicle will move by one footprint in 0.3 
to 0.75 s. If wc assume that 10 ms are necessary 
to acquire one slant range profile, 100 separate 
beams covering a 500 Kms swath can be obtained 
in one second, during which the satellite moves 
by approximately 6 kms. The radar bandwidth 
is reduced by signal integration which accepts 
all the signals for one beam and computes the 
mean signal intensity at 50 gates spaced by 
slightly over 300 meters for instance. The 
data rate will then be limited to approximately 
5000 bytes per polarization and wavelength 
channel. 


5, Conclusion. 

Millimctric wavelengths provide an accepta- 
ble solutum for the design of a sarcl 1 1 teborne 
active microwave equipment. The ranging 
capability of the system, the relatively low 
power consumption for adeuuatc radar sensiti- 
VI tv and the enormous potential for the probing 
of clouds and storms on a large scale with, 
however, excellent resolution on both vertical 
and horizontal space, makes it a very attractive 
soiutK n for future satellite instrument deve- 
lopment. The radar sensitivity should be 
sufficient to allow detection of the melting 
band high reflectivity region in a widespread 
storm despite cloud and precipitation attenua- 
tion above the freezing level. This would 
offer a unique means for large scale mapping 
of the 0°C level altitude so that barotropic or 
baroclinic condition in warm front, occlusions 
and other large scale svstens could be effective- 
ly probed by the satellite. 

A considerable amount of effort has to be 
placed on methods for the interpretation of 
the data; however, the theory of absorption 
and scattering of microwave by hydrometeors 
has been known for years with excellent match- 
ing by field observations. The greatest un- 
certainities are certainly in the choice of 
adequate drop size distributions and in the 
assumption of ice particles* shape. Although 
algorithms for data interpretation can still be 
developed on the basis of cloud and precipi- 
tation modeling only, the operation, in 
known or assumed meteorological conditions, cf 
a dual wavelength system such 
as ororosed here aboard 
an airplane or the space shuttle, would 
provide some of the required empirical data. 

The sea surface reflectivity at the chosen 
wavelengths could also be assessed and related 
to sea state conditions so that data interpre- 
tation algorithms could include atmospheric 
absorption of the signal returned by the sur- 
face at the two wavelengths. This procedure can 
be carried on until atmospheric absorption 
is so overwhelming rhav no return from the sea 
surface is observed. 
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DETERMINATION OF INSTANTANEOUS RAINFALL RATE FROM SPACE 
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1. INTRODUCTION 

Attempts to remotely measure precipitation 
have, in the great majority of the cases, re- 
lied on the measurement of a single quantity 
which is then used to deduce the desired pre- 
cipitation parameter through a theoretically 
or empirically derived relationship, Wilson 
and Brandes (1979) have reviewed the history of 
the use of radar to measure rainfall by such a 
method. Similar use of microwave radiometry 
in the 1.5 cm band is discussed by Wilheit, 
et al. (1977) and they suggest that the tech- 
nique has potent’ ial for determining precipita- 
tion amounts ovjr previously inaccessible 
ocean areas. These and other remote measure- 
ment methods are quite limited in the accuracy 
with which they can measure precipitation para- 
meters and the reasons for these limitations 
are revealed through detailed examination of the 
method by which conventional radar is used for 
the remote measurement of precipitation. This 
method has. almost without exception, relied on 
empirically derived relationships between a 
radar measureable and the precipitation para- 
meter of interest. Perhaps the best known of 
these techniques determines the rainfall rate R 
by use of an empirical relation between R and 
the one remote measureable obtainable from con- 
ventional radar, viz. . the reflectivity factor 
Z. The type of empirical relation* employed are 
usually of the fom Z • where a and B are 
constants dependent on geographical location, 
type of rainfall (stratiform, convective, etc.), 
and other factors. The accuracy of the results 
obtained from this method has been reviewed by 
Atlas (1964) and Battan (1973). Wilson and 
Brandes (1979) conclude that considerable effort 
is required to produce radar measurements which 
are within a factor of two of the true rain- 
fall 75% of the time. The agreement between 
radar-deduced rainfall amounts and those ob- 
tained by other means (e.g. . raingauges) is good 
only when averaging is performed over long periods 
of time or large geographical areas. Individ- 
ual measurements at a single time and place 
usually involve larger standard errors. In ad- 
dition, even in those circumstances where the 
type of rainfall and geographical location are 
used to define the values for a and 6. it is 
common to find very large deviations between 
radar-deduced and measured rainfall rates with- 
in the field of view of the radar. 

The usual procedure for finding the empir- 
ical Z - R relations used in such methods is to 
calculate Z and R from experimentally observed 
raindrop size spectra and then fit the results 


to an equation of the form 2 » aR . This is il- 
lustrated in Fig.l (at the end of the text) for 
a set of 160 raindrop spectra obtained with a Joss 
type raindrop spectrometer. Although the data 
display a systematic variation of Z with R there 
is considerable scatter about the regression line 
2 * 366 r 1*^2. In fact, a comparison of the rain- 
fall rate as calculated from this 2-R relation to 
the actual rainfall rate, as shown in Fig. 2, pro- 
duces an average deviation (without regard for 
sign) of the calculated from the actual R of 32%. 
Even in this case where 2 and R are known (i.e., 
can be calculated), the agreement between rain- 
fall rates found from the 2-R relation and thot* 
calculated from the drop size spectra is, at best, 
fair. The implication is that, due to common var- 
iability in naturally occurring drop size spectra, 
the relationship between Z and R is not unique, 
can vary over short time scales and small geograph- 
ical areas, and can therefore lead to large dis- 
crepancies between measured and radar- deduced 
rainfall rates. 

The latter conclusion is supported by the 
work of Ulbrich and Atlas (1975, 1977) ^;ho dem- 
onstrate that the origins of these discrepancies 
lie in the form of the drop size distribution. 
Typical of the analytical forms used to approx- 
imate real drop size spectra are the exponential 
form of Marshall and Palmer (1948), the gamma 
distribution of Khrgian, Mazin and Cao (1952), 
the modified gaussian distribution of Best (1950), 
aid the log-normal distribution of Levin (1954). 

The coouBon feature of these analytical forms is 
that they require at least two parameters to 
completely specify the distribution. Generally, 
three parameters would be required, one parameter 
specifying the total number of drops per unit vol- 
ume, a second determining the mean or median drop 
diameter, and a third indicating the spectral 
breadth of the distribution. However, it is us- 
ually found that the first two of these parameters 
are adequate to accurately depict the general be- 
havior of the distribution. In such a case, then, 
all quantities defined in terms of the size dis- 
tribution are dependent on two parameters , each of 
which is observed in nature to be independent and 
highly variable with respect to geographical lo- 
cation, rainfall type, and time, i.e., from mo- 
ment to moment within a given rainfall type. 

Since a specific relationship between these two 
size distribution parameters does not in general 
exist, their fluctuations from moment to moment 
will be independent and variations in one precip- 
itation parameter will not be uniquely related to 
the variation* in any other parameter. 
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To put these ideas in quantitative lan- 
guage suppose, as an example, that the size dis- 
tribution is exponential, i.e., let NfD) be the 
number concentration of drops per unit size in- 
terval and have the form 

N(D) = (ir'^cm'') (IT 

where D(cm) is the raindrop diameter and N^(m cm"^) 
and DQ(cm) are parameters of the distribution. 

With this form forN(D), Dq is the median volume 
diameter and NqDo/ 3.67 is the total number of 
drops per unit volume, if all raindrop diameters 
are possible. The rainfall rate R(mm h“^) is de- 
fined in terms of the size distribution by 

R * O. 61 T 7 N(D)v(D)D3dD (2) 

0 

where v(D) is the fallspeed in still air 

of a raindrop of diameter D. If it is assumed, 
following Atlas and Ulbrich (1977 ) , that 

v(D) « 17.67 

then, using Eq. (1) for N(D), R becomes 
R • 1 136 N 

0 o 

the reflectivity factor is given 

Z . 10« 7 N(D)D'^dD » 8.03 x lO^N 

0 0 0 

It is immediately obvious from inspection of Eqs. 

(4) and (5) that R and Z are dependent on both 
itQ ai d Dj and hence will be dependent on varia- 
tions in both of these independently fluctuating 
distribution parameters. Hence, measurement of 
Z will not serve to determine R unless a specific 
restriction is placed on either or Dq or unless 
a relationship between the two is assumed to exist. 
For example, if Eq. (4) is solved for Dq and the 
result substituted in Eq. (5) then one obtains 

Z • 6.635 X lO^N ■“■*«* *° (6) 

It is clear from this result that although the 
moment- to-moment variations in D© have no influ- 
ence on the dependence of Z on R through Eq.( 6 ), 
the variations in Nq do have an influence and 
will produce fluctuations in Z even when R re- 
mains constant. To proceed further with this type 
of analysis it is necessary to introduce an 
assumption regarding the dependence of on R. 

For example, if it is assumed that has a con- 
stant value Independent of R and equal to the 
Marshall and Palmer (1948) value H© » 8 x 10 ‘*m“^cm’^, 
then Eq. ( 6 ) becomes 

Z » 235R^*50 (7) 

which is representative of the Z-R relations found 
from empirical analyses, e.g., that found in the 
above empirical analysis as well as those found by 
Marshall and Palmer (1948) for stratiform rain, 
by Joss, et at. (1970) for widespread rain, and 
by Sivaramakrlshnan (1961) for thunderstorm rain. 

But It is evident from the example given here that 
deviations from Eq.(7) will be commonplace in 
nature because N© is frequently observed to de- 
viate from a constant value and these deviations 
are the source of the errors in rainfall rates 
found from empirical Z-R relations. 


(3) 


(4) 
by 

(5) 


Another precipitation parameter of interest 
IS the liquid water content which, when 

Eq.d) is assumed for the size distribution N(D), 

IS given by 

w . J 7 NfDjD^dD * 1.73 X 10 ‘^N D" ( 8 ) 

6 0 0 0 

If Dq is eliminated between Eqs. (5) and ( 8 ) one 
obtains 

Z * 9.73 X 10^N^-°-^5w 1.75 (gj 

Substituting the Marshall-Palmer value 
N© = 8 X 10 m'^cm"^ yields 

Z * 2.05 X 10‘*wl‘‘75 ^0) 

which is similar to that found empirically by 
Marshall and Palmer (1948), and by Sivaramakrishnan 
(1961). As in the case of the Z-R relation Eq. (7), 
the coefficient in Eq.(lO) is dependent on the 
choice for Nq and hence will be sensitive to fluc- 
tuations in this parameter from moment to moment 
and between rainfall types and geographical areas. 
Consequently the accuracy with which a Z-W relation 
like Eq. (10) can determine liquid water contents 
will be no better than that with which a Z - R 
relation can measure rainfall rates. In other 
words, the scatter in the experimental data about 
an empirical Z-W relation will be similar to 
that displayed by the data about an empirical 
2 - R relation. In fact, Ulbrich and Atlas (1975) 
have shown that all of the empirical relations 
which can be established between pairs of precip- 
itation parameters involve scatter in the exper- 
imental data which is directly related and of 
approximately the same relative magnitude. 

For example, the percentage deviation of an ex- 
perimental data point from an empirically derived 
Z-R relation will be of about the same magni- 
tude and have the same sense as the deviations of 
this data point from all other empirical relations 
between pairs of quantities (e.g., D© - R, Z - W, 

N© - R, etc.). The important implication of this 
result is that the accuracy with which an empir- 
ical relation employing a single radar measurable 
can measure a precipitation parameter is inherently 
limited because it fails to account for the natural 
variability of both of the size distribution para- 
meters. 

2. DUAL-MEASUREMENT METHODS 

It is apparent from the above discussion that 
there exists a need for new techniques which will 
improve the accuracy of remote measurement of pre- 
cipitation parameters. It is proposed here thaz 
this improvement in accuracy could be realized 
through the use of dual -measurement methods, i.e., 
techniques which involve measurement of two quan- 
tities. To demonstrate why such an approach is 
necessary suppose, as an example, that a dual- 
wavelength radar system is employed which con- 
sists of one wavelength for which the Rayleigh 
approximation is valid (A'vlOcm) and another more 
strongly attenuated wavelength (A%l-2cm). The 
longer wavelength serves to determine the reflec- 
tivity factor Z within a range gate and compar- 
ison of the power return at the two wavelengths 
in adjacent range gates determines the attenua- 
tion A, which is defined by 

A . 0.4343 7 Q.(D)N(D)dD (U) 

0 ^ 


I 

( 
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where Qt(D)(cm‘') is the total attenuation cross 
section due to scattering and absorption. Atlas 
and Ulbnch (1974) have shown that for most radar 
wavelengths Qt(D) can be represented by the form 

Q^(D) . CD" C12) 

when the constant C and exponent n are dependent 
on wavelength and temperature. In this case, 
then, using Eq.(l) for the size distribution, A 
becomes 


A 


0.4543 Cr(n^»l) 
(3.67)"*^ 


N d"* 1 
o o 


(13) 


where r(x) is the complete gamma function. The 
measured values of Z and A can then be used in 
Eqs.(S) and (15) to find unique solutions for 
Nq and Oq which describe the exponential approx- 
imation to the size distribution of the drops in 
the radar pulse volume. That is, if Eqs.(5) and 
(13) are solved simultaneously for and Do ii. 
terms of Z and A, one finds 


■ V**'* 




(14) 

(15) 


where ap and ajg are constants and the exponent 

$ • (6 - n)-l 


The important feature of this approach is 
that these solutions for Nq and are deter- 
mined directly and uniquely from measurements cf 
Z and A. The method does not involve assump- 
tions about the dependence of either Nq or 
Oil rainfall rate, nor does it require the intro- 
duction of empirical relationships between any 
two precipitation parameters. Furthermore, since 
the liquid water content W [Eq. (8)] and the 
rainfall rate R [Eq.(4)] are each dependent on 
Nq and Do only, then they too are determined di- 
rectly from measurements of Z and A. That is, if 
Eqs. (14) and (15) are substituted into Eqs- (4) 
and (8) one obtains 

W . (16) 


and 


R . 33,2(3. 67-n), 


(17) 


where a^ and a. are constants dependent on C and 
n. These solutions have been found using a power 
law approximation for the fallspeed law [Eq.(3)] 
and a similar approximation for the total atten- 
uation cross section [Eq.(12)]. But these simple 
approximations have been used here only for the 
purposes of illustration and they are not a 
necessary part of the method. More accurate 
values of the rainfall rate and microwave atten- 
uation can be found by numerically integrating 
Eq. (2) using the measured raindrop fallspeeds of 
Gunn and Kinzer (1949) and Cq.(ll) using the cal- 
culated Mie total attenuation cross sections of 
Marker (1973). The results of such calculations 
have been displayed by Ulbrich and Atlas (1978) 
on a rain parameter diagram. Although they find 
that the relationships between Nq, D^, Z, A, W 
and R are net as simple as those given above, 


they lead to the same conclusion, viz., that dual- 
measurement systems possess the potential for sig- 
nificantly improving the accuracy of remote 
measurement of precipitation parameters. In ad- 
dition, it is also shown by Ulbnch and Atlas 
(1978) that it is not necessary to assume that 
the size distribution is exponential; any size 
distribution can be used for which two of the 
moments can be calculated or are known a priori. 
This method has been applied to the raindrop 
spectra described previously and the comparison of 
the rainfall rate calculated from Z and A with the 
actual rainfall rate is shown in Fig. 3. It is 
obvious that there is significant improvement 
with the average deviation of the calculated R 
from the actual R being only S\. 

The above method of measuring Z and A by a 
matched pair of radar beams was originally sug- 
gested by Eccles and Atlas (1973) as a means of 
detecting hail. It is only one example of a 
variety of experimental methods by which rainfall 
rate and other quantities can be measured. Others 
have been alluded to by Atlas and Ulbrich (1974) 
and by Goldhirsch and Katz(1974). The latter 
authors suggest a measurement method which em- 
ploys a matched pair of radar beams of different 
wavelengths with both subject to attenuation. 

Then, provided there are no severe reflectivity 
gradients in the storm under observation, the 
parameters and Dq can be found from the dif- 
ferential attenuation of the two beams. The 
advantage of this method is that the solutions 
for Nq and Dq in terms of the attenuations at the 
two wavelengths are independent of the radar 
calioration constants so that knowledge of these 
constants is not required. 


Another dual -measurement method suggested 
by Ulbrich and Atlas (1977) employs a combination 
of a radar to measure the reflectivity factor Z 
and lidar to determine the optical extinction 
i:(km'^) which is defined by 

r - ^ 7 N(D)D3dD (18) 

When Eq. (1) is used for N(D) then £q.(18) takes 
the form 


I - 6.36 X lO'^N D 3 

O 0 


(19) 


In this case the solutions for the size distri- 
bution parameters are especially simple in that 
they do not involve wavelength and/or temperature 
dependent quantities, as is the case with the 
microwave attenuation. These solutions are shown 
by Ulbrich and Atlas (1977) to be of the form 

1/4 - 1/4 

“o ■ ^ (20) 


and 


7 - 3/4 7/4 
3.33 X 10 Z £ 


( 21 ) 


which can then be substituted in Eqs. (4) and (8) 
to yield solutions for R and W, respectively. 
Using measured raindrop size spectra, Ulbrich and 
Atlas (1977) show that this method produces es- 
timates for R and W which are in excellent agree- 
ment with the experimental data and also produces 
an exponential distribution given by Nq and Dq 
which closely approximates the actual size spec- 
tnun. In a few cases, the actual size spectrum 
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deviates appreciably from exponent iality, but even 
in these cases the method produces values for R 
and W which are in very good agreement with ex- 
periment. 

Another dual -measurement method which has 
been proposed by Seliga and Bring! (1976) deter- 
mines the reflectivity factor at orthogonal pol- 
arizations in rainfall. It is well known that as 
raindrop size increases the drop becomes increas- 
ingly distorted from spherical shape and that 
drops of this type become more numerous as the 
rainfall rate increases. Furthermore, obser- 
vations indicate that these drops fall with a 
preferred orientation. The cooibination of 
oblateness and preferred orientation when inte- 
grated over a drop size distribution result in a 
differential scattering of horizontally and vert- 
ically polarized electromagnetic waves. Seliga 
and Bring! (1976) have deduced the dependence 
of Zdr, the differential reflectivity at orthog- 
onal polarizations, on and show that it in- 
creases monotonically as Dq increases. They 
also demonstrate [Seliga and Bring! (1978)] how 
the method can be used to measure rainfall rates 
and find close agreement between radar- measured 
and raingauge-measured rainfall rates [Seliga 
^ al. (1980)]. 

3. CONCLUSION 

It is clear thon from the above discussion 
that all of these dual -measurement methods show 
high promise for measuring precipitation para- 
meters with greater accuracy than that which has 
been possible in the past. However, a truly 
adequate test of these methods has yet to be 
performed in the field. A system typical of 
that which could perform such a test would con- 
sist of a network of ground-based multi-wavelength, 
dual-polarization radars, microwave links, optical 
links (transmlssometers or lidars), raingauges, and 
disdrometers. Operation of such a network over a 
period of at least one year would provide an abun- 
dance of data to determine whether these promising 
techniques are indeed capable of measuring precip- 
itation parameters with the professed accuracy. 

The results of such an experiment would also per- 
mit a quantitative, detailed assessment of the re- 
quirements for satellite-based precipitation meas- 
urement systems. In addition, continued operation 
of the system would provide a ground- truth stan- 
dard with which satellite measurements could be 
cosq>ared. 

4. REFERENCES 

Atlas, D., 1964: Advances in Radar Meteorology, 

Adv. Geophysics , 10 , pp. 317-478. 

Atlas, D. and C.W. Ulbrich, 1974: The physical 
basis for rainfall -attenuation relationships and 
the measurement of rainfall parameters by com- 
bined attenuation and radar methods. J. Rech . 
Atmos . . 8, pp. 275-298. 

Battan, L.J., 1973: Rady Observation of the At- 

mosphere , University of Chicago^ Press, Chicago, IL 

Best, A.C. 1950: Empirical formulae for the ter- 

minal velocity of water drops falling through 
the atmosphere. Q.J. Roy, Meteor. Soc . 76 , 
pp. 302-311. 


Eccles, P.J. and D. Atlas, 1973: A dual wave- 

length radar hail detector. J. Appl. Meteor ., 

12. pp. 847-854. 

Goldhirsch, J. and I. Katz, 1974: Estimation of 

raindrop size distributions using multiple 
wavelength radar systems. Radio Sci , 9, 
pp, 439-446. 

Gunn, R. and G.D. Kinzer, 1949: The terminal 

velocity of fall for water droplets in stag- 
nant air. J. Meterol. , 6, pp, 243-248. 

Joss, J.K. Schram, J.C. Thams, and A. Waldvogel, 

1970: On the quantitative determination of 

precipitation by radar. Wissenschaftliche 
Mitteilung Nr. 63. Zurich: Eidgenossische 

Komnission zum studium der Hagelbildung und 
der Hagelabwehr. 

Khrgian, A.K.A. , I.P. Matin and V. Cao, 1952: 
Distribution of drops according to size in 
clouds (in Russian). Tr. Tsent. Aerol Observ ., 

7, p. 56. 

Levin, L.M. , 1954: Size distribution function for 

cloud droplets and rain drops (in Russian). 

Dok Akad. Nauk. S. S. S. R ., pp. 1045- 
1053. 

Marker, W. , 1973: Attenuation cross sections of 

water spheres for selected temperatures and 
radar wavelengths. Laboratory for Atmospheric 
Probing, University of Chicago. (Unpublished 
manuscript) . 

Marshall, J.A. and W.M.K. Palmer, 1948: The 

distribution of raindrops with size. J. 

Meteorol . , pp. 165-166. 

Seliga, T.A. and V.N. Bring!, 1976: Potential 

use of radar reflectivity measurements at 
orthogonal polarizations for measuring pre- 
cipitation. .J, Appl Meteor. , IS , pp. 69-76. 

Seliga, T.A. , V.N. Bring! and H.H. Al-Khatib, 

1980: Differential reflectivity measurements 

of rainfall rate: raingauge comparisons. 

Preprints 19th Metyr Conf . , pp. 440-447. 

American Meteorological Society, Boston, Mass. 

Sivaramakrishnan, M.V. , 1961: Studies of rain- 

drop size characteristics in different types 
of tropical rain using a simple raindrop 
recorder. Indian J. Meteor. Geophys ., 22. 
pp. 189-217. 

Ulbrich, C.N. and D. Atlas. 1975: The use of 

radar reflectivity and microwave attenuation to 
obtain improved measurements of precipitation 
parameters. Preprints 16th R^ar Metyr. Conf . , 
pp. 496-503, American Meteorological Society, 
Boston, Mass. 

Ulbrich, C.H. and D. Atlas, 1977: A method for measur- 
ing precipitation parameters using radar reflec- 
tivity and optical extinction. Ann, des Telecomm . 
32, pp. 415-421. 

Ulbrich, C.W. and D. Atlas, 1978: The Rain Parameter 
Diagram: Methods and Applications. J. Geophys . 

Res .. 83. pp. 1319-1325. 


D*286 



C»LCULflTED RflINFHLt BATE (MM/HR) 


0RiG»r:/'.L : : sj 

OF POOR Q '.•.Liff 


Wllheit, T.T. , A.T.C. Chang, M.S.V. Rao, Wilson, J.W. and E.A. Brandes, 1979* Radar 

E.B. Rodgers and J.S. Thcon, i977: A satellite measurement of rainfall- A summary, 

technique for quantitatively mapping rainfall Bull, Amet. Meteor. Soc. , 60 , pp. 1048-1058. 

rates over oceans J.App I. Meteor. , 16 ,551-560. 



Fig. 1: Reflectivity factor Z rainfall rate R as calculated for 180 raindrop spectra 
obtained with a Joss type disdroneter. The straight line is the empirically 
determined Z-R relation for these data found by least squares. 




Fig. 2: Comparison of the rainfall rates found Fig. 3; Comparison of the rainfall rates fo*md 

from the eapii ^cal Z-R relation with the actual from Z and A with the actual rainfall rates for 

rainiall rates for the spectra described in Fig 1 the spectra described in Fig. 1. 
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ABSTRACT 


The incorporation in the 13.5 
GHs Seasat type radar altimeter of a mode 
to measure rain rate is investigated. 
Specifically, an algorithm is developed 
relating the echo power at the various 
range bins to the rain rate, taking into 
consideration Hie scattering and path 
attenuation. The dependence of the al- 
gorithm on rain drop size distribution, 
and non-uniform rain structure are ex- 
amined and associated uncertainties de- 
fined. 


A technique for obtaining 
drop size distribution through the 
measurements of power at the top of 
the raincell and power difference 
through the cell is also investigated 
together with an associated error anal- 
ysis. 


A description of the minor 
hardware modifications to the basic 
Seasat design is given for implementing 
the rain measurements. 

1. INTRODUCTION 

An optimally designed radar 
located on board a satellite for making 
rain measurements near the ground should 
ideally have the following features: (1) 
Be capable of establishing rain rate 
profiles as a function of height above 
the ground, (2) Establish the rain rate 
along track and also cross track over a 
significant swath width, (3) Have a spa- 
tial resolution significantly smaller 
than thH scale dimensions of typical rain 
cells and, (4) Be capable of obtaining 
%rorld-wide sarples over a short time 
fpan (e.g., 90 minutes). 

The technique described here 
may be considered as "piggyback" to an 
already existing radar system since its 
implementation requires only minor mod- 
ifications. The system in mind is the 
Seasat type radar altimeter operating at 
f«13.5 GHz tMacArthur, 1978] and flown 
aboard the Seasat Satellite. Although 
not optimally designed for possessing 
all of the above features, such a modi- 
fied system would ho%rever enable a "first 
step look” at Lhe rain rate profiles a- 
long track at relatively little addition- 
al cost. The experimental technique 
described here is an extension of the 
rain detection mode accepted for inclu- 
sion in the NOSS altimeter [Walsh, 1981). 


2. FORMULATION OF THE 13.5 GHz 

RAIN ECHO POWER AT THE ALTIM- 
ETER INPUT 

The radar echo power received 
from a pulse volume filled with a uni- 
form rain rate, R, may be expressed by 
the modified Probert-Jones [1962] radar 
equation (Goldhirsh, 1979] given by 




1024ir‘ln2 


o 

where 

c velocity of light (3x10® m/s) , 

P^ transmitted power (watts) , 

T pulsewidth (sac), 

X wavelength (m) , 

G antenna gain, 

9., 4. beamwidths along principal planes 
^ ^ (rad) , 

L. transmitted loss factor (^1*0) 
(losses from transmitted ^wer 
measurement point to gain mea- 
surement point) , 

L receiver loss factor (^1.0) 

(losses from transmitter power 
measurement point to gain mea- 
surement point) , 

n Mie rain reflectivity (m*^) , 

r range (m) , 

k ,k ,k attenuation coefficients due 
^ ^ to atmospheric gas, precipi- 

tation, and clouds, respec- 
tively (dB/km) , 

B^ bandwidth of the receiver, Hz. 

o 

The factor f (B q) represents the addi- 
tional loss factor due to the radar re- 
ceiver frequency response and has been 
calculated by Ooviak and Zrnic [1979] 
for a Gaussian shape receiver response 
and rectangular transmitted pulse re- 
sulting in, 


f(Bo) m - 2.3 dB (2.2) 


assuming a "matched filter" case. 


D-288 



OF 


c.jAi.ivy 


2 . 1 Rain R^fltctivity Vt«u» Rain 

fe ata kalatlonihip 

Tha Mia Xactivity is thao- 
raticaXly givan by, 


n- J a(A,D)K(D)dD (m“^) (2,3) 

^in 

whara a(A,D) is tha scattaring croas- 
saction (m*) o*i a spharicaX drop of di* 
asMitar, 0, at tha wavaXangth, and 
N(D)dD is tha rain drop sixa distribu*' 
tion dafinad as tha nunbar of drops ba- 
tvaan dlamatfirs 0 c«nd CHdO par unit 
voXuna whara 0^^ and Dnj,n ara tha max- 
imum and minimum drop sixas in tha puXsa 
voluma. 


Tha rain rata, R, [mm/hr], may 
ba thaoraticaXXy axprassad by. 


R 



D^V(D)N(D)dD 


(2.4) 


whara V(D) is tha tarminal vaXoclty of a 
raindrop of diamatar, 0 (a.g., cm/sac). 
As a nominaX drop sisa distribution, wa 
assuma a MarshaXX-PaXmar form tX948] 
(haraaftar rafarrad to as M-P) namaXy, 


N(D) - axp(-AD) 


(2-5) 


AXso pXottad in Fig. X is tha 
case assuming RayXaigh scattaring alona 
which prasumas 


« I (2.9) 

Under tha assumption of (2.9), 


2 /* c 

n J D®N(D)dD (2.X0) 

^min 

whara |Rq|^ is dapandant on tha compXax 
rafractiva indax of tha rain drops (Gunn 
and East, X954; Ray, X9721 and is givan 
» 0.9 in tha fraquancy range 
6 to 35 GHz and tamparaturas of 0^ to 
20^. In comparing n(Mia) with 
n (RayXaigh) wa nota rain rata errors of 
20, 43, and 55% at XO, 30, and XOO mm/hr 
raspactivaXy . 

2.2 Attenuation Versus Rain Rata 

Tha attenuation coefficient 
due to precipitation, k , is thaorati- 
caXXy givan by, •' 


J C^^^(X,D)H(D)dD (dBAml(2.U) 

^min 


whara is fixed and givan by, 

« .08 cm*^ (2.6) 

tha raf Xactivity, n, and rain rata, R, as 
givan by (2.3) and (2.4), raspactivaXy , 
ware numerically computed and ara plot tad 
in Figure 1 against on# another, Tha Mia 
scattering cross sections in (2,3) ware 
obtained by fraquancy interpolating tha 
results of Stephans [1961] at T«18^C for 
13.5 GHZ. Tha integrands in (2.3) and 
(2.4) ware approximately integrated over 
the drop diameter interval .03 to 0.5 cm 
^Dmin P ffLt y) which general ly rapra- 
sants tha range of drop diamatars found 
in rain. 

We nota from Fig, X that tha n 
versus R relationship nay be expressed 
with good approximation by the relation- 
ship 

n - AH* (mm/hx) (2.7) 

Where 

A - 3,143 X 10*^ U-2,22 cm) 

• • 1.536 (2.8) 


where is tha extinction fac- 

tor ((di/Km)cm5] at tha wavelength A and 
drop diameter, D. Hereafter, tha sub- 
script p will be delated for convenience. 
Assuming tha Marshal 1-Pa Imar form (2.5) 
and (2.6), tha integrand in (2.11) was 
nuMtically integrated over tha diameter 
interval .03 to 0.5 cm resulting in tha 
R~R relationship depicted in Fig. 2. 

The extinction factors ware obtained oy 
fraquancy interpolating th4 tabulations 
of Madhurst (1965) (T»20®C) . Wc nota 
from Fig. 2 that tha k-R relationship 
may similarly ba axprassad with good 
approximation by tha empirical raXation- 
ship, 

k » aR^ dBAm (2.12) 

whara 

• . 2.031 X 

b . 1.203 (2.13) 

which shows an rms deviation smaller 
than ,2 mm/hr over tha rain rata inter- 
val of 1 to 50 mm/hr (when compared to 
tha calculated M-P cur^**:) 


where n is expressed in m*l. The fitted 
curve givan by (2.7) is in proximity of 
the eosiputad curve n(Mia) to within an 
rms deviation in rain rata better than 
0.3 am/hr over the rain rate interval X 
to 50 mm/hr • 


2.3 


Uncertainty of Attenuation 
Coefficient and Ha/lactivity 
With Variations in brop Siia 
distributions 


In ordsr to sstsbXish a maa- 
siurs of uncartainty dua to variations 
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of drop tiz« spectra, an experimental 
data base of drop size distribution mea- 
surements at Wallops Island, Virginia 
was examined [Goldhirsh, 1980]. These 
measurements were made with nn electro- 
mechanical disdrometer [Rowlard, 1976] 
and cover 10 rain days; 5 during the 
sunner of 1977 and 5 during the fall- 
winter of 1976-79. A cumulative number 
of approximately 1200 drop size distri- 
butions encompassing 17 hours of rain 
measurements %iere analyzed. The best 
fit results are tabulated in the first 
row of Table 1 for f»13.5 GHz. The cor- 
responding H-P parameters are given in 
the second row for comparison. 

We note rms deviation in rain 
rates of approximately 50% and 22% for 
the n-R and A-R relationship, respec- 
tively, due to deviations of the individ- 
ual measured distribution relative to the 
best fit case. Since the measurements 
were made over significant time durations 
of the storms, different parts of the 
precipitation structures were sampled. 

The best fit results are thus also rep- 
resentative of a spatial sampling of the 
distributions in rain. 

In Figure 3 are plotted the dis- 
drometer best fit n-R relationship 
(solid curve) plotted against the M-P 
curve (dot-dash) . We note the two curves 
are in very close agreement giving per- 
centage differences in rain rates of 10, 

3, and 1% at 10, 30, and 100 mm/hr. Also 
plotted are the > rms percentage error 
bounds (dashed curves) relative to the 
disdrometer derived regression relation- 
ship. 

In Figure 4 are plotted the 
corresponding curves for the )c-R case. 
Again we note the measured best fit 
curve (solid line) to be nearly coinci- 
dent with the M-P case (dot-dashed 
curve) . Percentage differences of ap- 
proximately 9, 5, and 2% are observed at 


10, 30, and 100 nun/hr when comparing the 
M-P case relative to the measured re- 
gression line. 

Because of the proximity of the 
measured n^R and k-R regression rela- 
tionships with the M-P counterparts, we 
will consider the M-P cases to be the 
nominal ones and associate the measu 1 
uncertainties in rain rates riven in the 
first row of Table 1 to the M-P case. 

2 . 4 Influence of Cloud and Atmo - 

spheric G aseous ConstiVuents 
at' !3.8 gHz 

For a nadir pointing radar at 
13.5 GHz the attenuation due to liquid 
cloud and atmospheric water vapor and 
oxygen may be ignored as they amount to 
a small fraction of a dB. 

For liquid cloud at T»0®C (Gunn 
and East, 1954], 

k^/M»0.1 [dB/km/gm/m^] f-13.5 GHz (2.14) 

where M - the cloud liquid water content 
(gr./m^]. We thus note, for example, that 
a 3 km thickness ^loud with a nominally 
high liqi’id water content of 0.5 gm/m^ 
will amount to only 0.3 dB attenuation 
(two way) . 

Similarly the two way nadir 
attenuation due to all gaseous constitu- 
ents is, 

dl < 0.2 dB; f-13.5 GH* (2.15) 

and nominally less than 0.1 dB [Crane, 
1971]. 

3. RAIN ECHO POWER LEVELS AT A 

EEASAT TYPE ALTIMETER 


9 

Y 


Table 1 Measured and M-P best fit empirical parameters and 
associated rms deviations in rain rate 
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Attenuation Coe^t. vs Rain Rate 



(e 


Mess. 

k 

B 


a 

b 

l!uSulH9Hi 





2.174x10"^ 

1.620 

48.9 

■ 

2.428x10'* 

1.170 

22.1 

2.5 

m 

3.143x10"'^ 

1.536 

■ 

■ 

2.038x10'* 

1 . 203 

■ 

0.2 
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3.1 Power Levels Asguming a M-P 

Drop Size Distribution 

We shall incorporate the gen- 
eral formulations reviewed in the previ- 
ous section with the rade^r parameters for 
the Seasat type altimeter assuming the 
family of drop size distributions for 
rain corresponds to those of N-P. Sub- 
stituting the forms (2.7) and (2.12) into 

( 2 . 1 ), the radar equation may alternately 
be expressed by, 

P^(dBm) - ^9io R AhR^ (3.1) 

where Ai, Ci, represent fixed radar 
parameters and Ah (km) is the one way 
path interval through rain. Although r# 
is variable, its range of variation is 
significantly small (< 10 )cm) and hence 
the contribution to the echo power may be 
assumed with good approximation to be 
constant (to leas than 0.1 dB variation). 

The- Seasat parameters are given 

P^ - 2 kw 

T ■ 3.2 usee 

r » 800 km 

- 1,6® (2.792x10“^ rad) (3.2) 

G -> 40.6 dB (1.148x10^) 


attenuation is assumed to occur. The 
rain rate is also assumed uniform both 
over the height interval and within the 
main lobe. Also plotted is the -115 dBm 
unity signal to noise ratio level. 

We note the curves for Ah 0 
peak and ultimately fall below noise for 
increasing rain rates. The peaking is 
due to the interplay between two oppos- 
ing tendencies; namely an increasing 
rain rate results in an increased back- 
scatter power (the positive 2 nd term in 

(3.1)) and a simultaneous increase of 
path attenuation (the negative 3rd term 
in (3.1)). At the higher rain rates, 
the attenuation term dominates. We 
note a maximum rain rate measurement of 
55 mm/hr at 5 km and 280 mm/hr at 1 km 
into the rain. 


3.2 Uncertainty in Rain Rates from 

Power and Power Difference 
Measurements Due tc Variations 
Tn the Drop Size Distributio:^ 


We here incorporate the uncer- 
tainties in rain rates in (2.7) and 
( 2 . 12 ) due to variations of drop size 
distribution as elaborated upon in Sec- 
tion 2.3 (summarized in Table 1) . We 
alternately express (3.1) by 


P^(dBm) - A^+B^Log^^Q 




■> -1.2 dB 


+ C,4h (1+i,)^ 
1 O “ 2 


(3.6) 


Substituting the parameters of 

(3.2) into (2.1) and converting to the 
form (3.1) we obtain, 

A^ - -116.1 

B^ • 15.4 (3.3) 

- -4,076 X lo"^ 

b - 1.203 

A nominal value of the noise 
level for the satellite altimeter is, 

N • k T Bq P — -115 dBm (3.4) 

where 

k ■ 1.38x10*^^ Jcules/®K (Boltzmann's 
^ constant) 

T - 310®K 

F «> 5 dB (noise figure) (3.5) 

Bg. i ■ 3.125x10* H? (bandwidth) 

The noise figure shown represents a f 
dB improvement tu the 10 dB noise fig- 
ure for the Seasat case. 

In Figure 5 are plotted a fam- 
ily of curves representing the echo power 
at the altimeter as a function of rain 
rate corresponding to different height 
intervals, Ah, relative to the top of the 
raincell. Ah • 0, where negligible 


where R^ is the nominal rain rate assumed 
to follow the M-P family of distributions, 
and Ai and 62 are the rain rate uncer- 
tainties for the reflectivity and atten- 
uation coefficient empirical relations, 
respectively. These are (from Table 1) , 


( “ 

.49 


1 1 

1 “ 

.22 

(3.7) 


In Figure 6 are plotted the 
nominal power levels as well as the upper 
and lower uncertainty bounds as a func- 
tion of rain rate for both the storm top 
(Ah«0) and Ah«5 km into the rain. The 
power lev^l bounds were determined by 
injecting the parameters (3.3) and (3.7) 
into (3.6) and selecting the extreme 
values relative to the nominal case (i.e., 
^l“^ 2 *^^ for each rain rate. 

It may be deduced from Fig. 6 
that a power measurement alone at Ah«5 km 
results in both significantly larger un- 
certainties and ambiguities due to the 
multivalued nature of the rain rates. A 
more meaningful measurement at the larger 
rain rates is a power difference mea'jre- 
ment (i.e., attenuation). Referrirw to 
( 3 . 6 ), the power difference betweer. .h «0 
and Ah is given by, 

AP(dB) ■ Cj^Ah (1 . ij)** (3.8) 
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We thus note that the uncertainties as* 
sociated with the reflectivity vanishes 
and only those associated with the power 
difference remains (i.e., (1 + <52)*^)- 
In Figure 7 is plotted the nominal power 
difference (3.8) and the corresponding 
uncertainty bounds at Ah«5 km. The as- 
sociated error bounds in rain rate are 
within + 221 of the nominal for any 
given p^er difference measurement. 

We conclude from the results 
depicted in Figures 6 and 7 and the 
above discussion that it may be far more 
accurate to ascertain rain rate from the 
power difference (attenuation) than a 
power level measurement assuming the 
condition of beam filling and uniform 
rain rate over the range interval, Ah. 

4. ECHO POWER FOR NON-UNIFORM 

BEAM FILLING 

In this Section we examine the 
capability of ascertaining the rain rate 
characteristics for the case in which 
the altimeter main beam is not uniformly 
filled by the rain along the horizontal 
extent. 


4.1 Power Levels and Diffyences 

as a Function of the ^In 

Features 


We assume a rain rate varia- 
tion along the ground to be Gaussian in 
shape [Hodge, 1977] and given by, 

R - Rq exp j (4.1) 

where Rq is the peak rain rate aligned 
with the main beam altimeter axis, p is 
the polar distance parallel to the earth 
(orthogonal to the main beam axis) and 
Po is that distance corresponding to the 
exp(-l) falloff of rain rate (i.e., .37 


It may be demonstrated [Gold- 
hirsh and Walsh, 1981] that the altime- 
ter power is given by, 


The factor g is a parameter in- 
troduced to characterize changes in 
and is defined by 


P 

o 



(4.4) 


Hence g*l corresponds to representing 
half the beam resolution interval at the 
ground. All the other parameters in (4.3) 
have been previously defined. 

Equation (4-3) has been numeri- 
cally integrated for different values of 
Rp and Po resulting in Figs. 8 and 9. In 
Fig. 8 the apparent rain rate Ra at the 
top of the raincell (Ah»0; no attenuation) 
is plotted as a function of the peak rain 
rate, Ro, for a family of values of Po* 

The apparent rain rate is obtained by 
computing the power from (4.2) and relat- 
ing this power to the Ah«0 curve in Fig. 

5 (or by employment of (3.1)). It effec- 
tively represents the presumed rain rate 
obtained by assuming uniform beam filling 
with the reduced power level. We note 
that the apparent rain rate is critically 
dependent on the Gaussian parameters, Po 
and Rq, The Pq"** case corresponds to 
the uniform beam filling case. 

In Fig. 9, we have plotted 
the dB power differences between the top 
of the rain and 5 km into the rain as a 
function of the peak rain rate, Rq for 
a family of values of Pq. For any given 
peak rain rate, Rq, the power difference 
is dependent on Pq for values down to 
pQ « 2.5 km (g ^ 20) for the given range 
of rain rates. *At smaller values of Pq 
( larger g), the attenuation takes place 
over the region where the gain pattern 
function is relatively uniform (near the 
nadir axis) and the power difference is 
found to assymptotically approach a 

fixed level for each value of R^. 

o 

4.2 A Technique to Ascertain Scale 

Dimension, Pn# and Peak Rain 

Rate , hn 


Pr • Pjpo F<9.Ah, R^) (4.2) 

where Pro the power (2.1) for the uni- 
form rain case at Ah-0, and F is a factor 
<1 dependant o?i the extent of the rain 
Inhomogeneity within the beam as it af- 
fects the reflectivity and the attenua- 
tion. It is given by. 


It is demonstrated that a mea- 
surement of the power at top of the rain 
and a power difference measurement 
through the rain enables the determina- 
tion of, Pq and Rq. It is tacitly as- 
sumed that the drop size distribution 
is that of M-P and the peak of the 
Gaussian rain cell coincides with the 
main beam axis of the altimeter. 


y* y*#xp|- 81 n 2 (x^+y*)j 

o o 

•xp |-4gB (X* •*> y^)j 
•xp|-.4«06x*^Ah •xp|-4gb(x^+y*)j| dxdy 

(4.3) 


In Fig. 10 are constructed 
constant apparent rain rate isopleths 
(dashed lines) of Po v* Po where each 
isopleth corresponds to a fixed level 
of Ra in Fig. 6. Also plotted are con- 
stax. ^ pomr difference isopleths (solid 
lines) of Po vs Rq taken from constant 
power level differences in Fig. 9. The 
intersections of these isopleths, in 
general, uniquely define the values of 
Po and Rq. At power differences of 20 
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dB and greater, ambiguities in these 
values may however arise due to the mul- 
tivalued nature of these curves at these 
very high power difference levels. As 
an example, we note that a power dif- 
ference of 10 dB and an apparent rain 
rate of 20 mm/hr results approximately 

in P ■ 7 km and R * 50 mm/hr. 
o o 

In the event the Gaussian 
rain cell is not coincident with the 
main beam axis, or the rain cell has 
more arbitrary scale features as will 
usually be the case, the technique out- 
lined here may continue to be used to 
find *equi valent" values of Rq and Pq, 
That is, a measurement of power at Ah»o 
and power difference will give rise to 
an equivalent centrally located Gaus- 
sian giving the same power levels as 
the real rain structure. 

4 . 3 Power Parameters as a Func- 

tion of Rain Cell Axis bJT- 
placement from Main Beam Axis 


Fig. 11, (2) the power differences be- 
tween the ichos from the raincell top 
and the pulse volume 5 km into the rain# 
AF{Ah»5); Fig. 12, and (3) the apparent 
rain rate, R^ (Ph*o) , from the rain cell 
top; Fig, 13, The curves were generated 
through the numerical evaluation of (4.5) 
for variable D,c^g, and a peak rain rate, 
Rq ■ 30 mm/hr. For example, when Oq is 
small (Pq < 2.5 km), the power difference 
is noted to be constant (Fig. 12) as the 
main beam sweeps through the Gaussian 
rain cell. As Pq increases, ^P undergoes 
larger variations with d. In addition, 
P(Ah«o) (Fig. 11) undergoes larger vari- 
ations with slope changes for smaller 

values p . 

o 

The peak apparent rain rate, 

R^, and power difference, AP, may be 
better identified from the signatures of 
Fig. 13 and Fig, 12. Hence the values 
of Rq and Pq should then be capable of 
being ascertained using the method des- 
cribed in Section 4.2. 


In the previous section we ex- 
amined the very special case in which the 
main beam altimeter axis coincides with 
the peak rain axis, Rq, associated with 
the Gaussian rain structure given by 
(4.1). Here we consider the case for 
which the rain rate axis is displaced. 
That is. 




(4.4) 


5. DETERMIVATION OF DROP SIZE DIS- 

TRIBUTION USING A TWO MEASURE- 
MENT METHOD 

A technique will be described 
in this section for ascertaining the 
average drop size distribution in the 
pulse volume through a measurement of 
rain echo power and power difference 
over an interval, Ah. 

5.1 Elaboration of the Method 


Specifically, we shall examine the power 
signature at the altimeter as the main 
beam moves through the Gaussian struc- 
ture along a principal rain rate axis. 
For such a geometry, (4.3) becomes, 

i +1 

r(g,ih,R^,D)-|iS^|y*y’ exp -81n2 

(2)-}y) 

(x^+y^lj X expj-4gB (x^+(y-D)^] 

X exp |-.4606aR^&h exp [-4gb|x^+(y-D)^|j| 


dxdy 

wherw D is given by. 


(4.5) 


The technique employs a power 
measurement at the top of rain cell 
(Ah»o) from which the reflectivity, n, 
may be deduced. This may be expressed 
from (2.1) by. 


n « C P^ (Ah-o) (5.1) 

o r 


where Cq is the inverse of the product 
of parameters multiplying n in (2.1) 
(i.e., a constant). 

As previously mentioned, n is 
theoretically given by (2<3). Similarly 
the attenuation coefficient may be de- 
termined from (2.1) and is observed to 
be given by 



(4.6) 


^ ^ (P^(Ah-o) 

ISE (Ah) 


ds] 


(5.2) 


with 6]^ being the altimeter beamwidth, 
and 9 the angular displacement of the al- 
timeter beam axis to the peak rain rate 
axis. Also, d^ and d are the respective 
distances along the ground. 


and theoretically it is given by (2,11). 

We now assume the drop size 
distribution may be expressed by the two 
parameter exponential. 


As an example, we have plotted 
in Figs. 11-13 the following as a func- 
tion of the beam axis displacement d: (1) 
the power from the raincell top P(Ah^c); 


N(D) ■ Nq exp (-AD) 


(5.3) 
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where both A and Nq are unknown. It 
will be demonstrated that a measurement 
of k and n as given by (5.2) and (5.1) 
uniquely defines Nq and A and hence the 
drop size distribution. Once (5.3) is 
obtained^ the rain rate as given by (2.4) 
is uniquely determined. 

Substituting (5.3) into (2.3), 
(2.11) and (2.4), we obtain the norma- 
lized parameters. 


tacitly assumed that an unattenuated 
measurement at Ah»o is possible, the 
rain rate is uniform over Ah, and uni- 
formly fills the beam. 

In Section 7 an error analysis 
associated with the above technique is 
given. 

6. RAIN MEASUREMENT IMPLEMENTATION 

FOR A SEASAT TYPE ALTIMETER 


— - f 
J 


max 


^min 


Jl,. A 


a(X,D)exp(-.^D)dD 


Cext ^ (- AD) do 


^in 


5« — f 

N^ 6 J 


max 


D-'v(D)exp(-AD)dD 


^min 


(5.4) 

(5.5) 

(5.6) 


Taking the ratio of (5.4) and (5.5), 


k 

n 


yPmax 

^min 


exp (-AD) dD 


^in 


exp(-AD)dD 


(5.7) 


As previously mentioned in Section 2, 
Cext ^ have been tabulated at 13.5 
GHz as a function of drop diameter. 

The right hand sides of (5.4) through 
(5.7) may thus be numerically computed 
as a function of A. The resultant ex- 
pressions as a function of A are plotted 
in Figs. 14 and 15. As a basis for com- 
parison, in Fig. 14 is also plotted the 
M-P rain rate as a function of A (i.e., 
(5.6) with No - .08 cm-4) . in Fig. 16 
is given, for easy reference, the echo 
power at Ah«o as a function of the Mie 
reflectivity. It is apparent that a 
measurement of k and n and the subse- 
quent ratio k/n results via Fig. 14 in 
a unique determination of A. Substitut- 
ing the value of A in (5.4) or (5.5) 

(Fig. 15) , we determine Nq* Once Nq and 
A are evaluated, we may calculate the 
rain rate, R given by (5.6) or the 
liquid water content given by. 


£1 

6 


/ ^max , 

D'^N(D)dD 

°min 



(5.8) 


The technique described here 
is identical in general concept to the 
two frequency method examined by Atlas 
and Ulbrich [1974], Goldhirsh and Katz 
[19741 and Goldhirsh [1975]. The dif- 
ference here is that we employ a single 
frequency (instead of two) and examine 
the Mie reflectivities instead of the 
Rayleigh values. Furthermore, we have 


The Seasat radar altimeter a- 
chieved its 3,125 ns range resolution by 
transmitting a chirped pulse of 3.2 us 
duration in which the frequency was 
linearly swept over a 320 MHz bandwidth 
around a center frequency cf 13.5 GHz. 

In normal surface tracking operations, 
the Seasat Altimeter tracked continu- 
ously utilizing 1000 per second chirped 
pulses and produced smoothed range and 
surface waveform data every 100 ms. 

The Seasat tracker was updated every 50 
ms and we will assume any future al- 
timeter would not allow this disparity 
and would output data every 50 ms. The 
proposed rain mode would allocate one 
50 ms interval per second for measure- 
ment of rain backscatter using unmodu- 
lated CW pulses. No range data would 
be obtained during the CW transmissions 
and the tracker would coast, but that 
would result in a negligible degrada- 
tion of the range and significant wave 
height (SWH) data (data over a 350 m 
ground track would be lost every 7 km) . 
On a 1 second average, the noise in the 
range and SWH measurements would in- 
crease by approximately 2.5 percent. 

This is considered to be an acceptable 
penalty. 


The normal Altimeter acquisi- 
tion mode [MacArthur, 1978], used CW 
pulses to find the maximum signal and de- 
termine its range. The rain measurement 
mode would require the incorporation of 
a 10 bit A/D converter in the CW circui- 
try. That would permit CW received power 
measurements at a series of altitudes 
above the tracking surface. 

The normal chirped range track- 
ing mode samples 60 range gates spaced at 
approximately 0.5 m and centered on mean 
sea level. The same telemetry stream in 
the CW mode would allow the sampling of a 
30 km interval above the sea surface with 
observations every 500 m (the approximate 
range extent of the uncompressed pulse) 
to determine the complete profile of the 
rain structure (Figure 17). The mode 
would measure radar system noise when the 
range was well above the rain, determine 
the location of the bright band near the 
melting layer, and then measure the rain 
backscattered power which diminishes in 
range as the attenuation through the 
rain increases. 

6.1 Altimeter Timing for Rain 

Detection 
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Figure 18 indicates the ar- 
rangement of the transmitted and re- 
ceived pulses in the proposed configura- 
tion. For the first 19/20 of each second, 
the altimeter vfould function in its nor- 
mal manner transmitting chirp pulses. 

Then, during the last 1/20 of each second, 
the transmitter would switch to the CW 
mode and transmit 50 pulses. The decision 
to transmit in the chirp or CW mode must 
be made just before transmission and it 
cannot be changed for reception. As is 
shown in Figure 18, the last five pulses 
transmitted in the chirp mode will be 
lost because they will be still in tran- 
sit when the mode switch is made. Simi- 
larly, the last five pulses transmitted 
in the CW mode will be lost when the 
transmitter switches back to chirp. 

7. ERROR ANALYSIS FOR DETERMINA- 

TION OF DROP SIZE DISTRIBUTION 

In view of Rayleigh fading and 
other system uncertainties, we here con- 
sider an error analysis for the method 
of determining drop size distribution 
described in Section 5. 

For purposes of the simulation 
we will assume that the bright band occurs 
just above 5 km from the sea surface pro- 
ducing negligible absorption. We also 
assume we have 10 samples spaced at 500 
m intervals over the 5 km extent of the 
rain structure. 

For soundings by a short pulse 
radar, the backscatter return may be 
modeled as a Rayleigh process in which 
the received pulse power is an exponen- 
tially distributed random variable with 
a standard deviation equal to the mean. 

The predetection filter of the acquisi- 
tion circuitry would be narrowed to match 
it to the pulse 320 KHz bandwidth and re- 
duce the noise power. That means that 
the signal plus noise would also be an 
exponentially distributed random variable. 

Averages would be made of the 
return power at each range for the 45 
pulses available in the 50 ms rain mea- 
surement interval. Those averages would 
then be normally distributed random vari- 
ables whose standard deviation would 
(45)”V2 times the mean value. A simula- 
tion was developed using a least-squares 
fitted straight line to 10 values of rain 
backscattered power in dB spaced from 5 
km to .5 km from the sea surface at 500 
m intervals. The attenuation coefficient, 
k, was obtained from the slope of the 
line and the value of the line at 5 km 
was used for the backscattered power to 
determine n. 

The standard deviation of the 
k estimate for a hundred trials was found 
to be 0.07 dB/km, independent of the 
magnitude of the slope, for values of k 
between 0 and 3 dB/km. Similarly, the 
standard deviation on n was 0.36 dB. 


As an example in testing the method of 
Section 5, Figure 19 indicates the errors 
in the rain rate estimate which would re- 
sult from those random errors if the drop 
size distribution had been the M-P (Nq » 
0.08) . The procedure used was to start 
with a value of rain rate and use the 
R/Nq curve from Figure 15 to determine A. 
Then the nominal values of k and n for A 
were also determined from Figure 15 . 

These are the values ^'hich would result 
if there were no random or calibration 
errors. The desired random errors were 
added to the nominal k and n values to 
obtain the "measured" values and their 
ratio was taken so the "measured" value 
of A could be determined from Figure 14 . 
Then the measured value of Nq can be com- 
puted from either the h/Nq or k/No curve 
in Figure 15. Finally, the measured 
value of rain rate can be determined from 
the value of Nq and the R/Nq curve of 
Figure 15 . 

Values of No of 0.8 and 0.008 
were also used but the errors did not vary 
significantly for a particular rain rate. 
Figure 19 indicates that the total random 
error on rain rate using this procedure 
would generally be less than 5 mm/hr for 
rain rates above 5 mm/hr. 

Future satellite altimeters will 
probably employ a PRF higher than 1000 
pulses/second. For high sea states, a PRF 
as high as 4500 would still furnish inde- 
pendent samples for reducing tracking 
noise. For that PRF, 220 G4 pulses would 
be available in 1/20 second and the 
standard deviations on k and n would be 
0.03 dB/km and 0.16 dB respectively. 

Figure 20 shows the resulting errors for 
+ 0.03 dB/km errors in k. The errors cor- 
responding to the random errors in n are 
not shown but they are reduced from the 
values in Figure 19 by the same percentages 
as the errors in k* The total random 
error would generally be below 3 mm/hr for 
rain rates above 3 mm/hr. Also shown in 
Figure 20 is the effect of 1 dB bias 
v^rrors in system calibration. They would 
re.^ult in estimates being biased off by 
about 151 of the rain rate. The system 
should be able to be calibrated to at 
least \his accuracy. 

8. r£^::renc£S 

Atlas, D. and C.W. Ulbrich [1974] , "The 

Physical Basis for Attenuation Rain- 
fall Relationships and the Measure- 
ment of Rainfall Parameters by Com- 
bined Attenuation and Radar Methods", 
Journal De Recherches Atmespheriques 
Colloque De L*IUCRM, Vol. VIII, 
Janvier-Juin, pp. 275-298. 

Crane, R. K. [1971], "Propagation Phe- 
nomena Affecting Satellite Communi- 
cation Systems Operating in the 
Centimeter and Millimeter Wavelength 
Sands”, Proceedings of IEEE, Vol. 

59, No. 2, February, pp. 173-188. 


D-295 



UHlGii'i/nL i * .<!j 

OF POOR QUALITY 


Doviak, R.J. and D. Zrnic [1979], "Re- 
ceiver Bandwidth Effect on Reflec- 
tivity and Doppler Velocity Esti- 
mates", J. Appl. Meteor., Vol. 18, 

No. 1, January, pp. 70-76. 

Goldhirsh, J and E. J. Walsh [1981], "Pre- 
cipitation Measurements from Space 
Using a Modified Seasat Type Radar 
Altimeter”, APL Technical Report 
S1R81U-022, May. 

Goldhirsh, J. [1980], "Comparison of 

Radar Derived Slant Path Rain Atten- 
uations with the COMSTAR Beacon 
Fades at 28.56 GHz for Summer and 
Winter Periods", IEEE Trans. Anten- 
nas and Propagation, Vol. AP-28, 

No. 4, July, pp • 577—580. 

Goldhirsh, J. [1979], "A Review on the 
Application of the Non-Attenuating 
Frequency Radars for Estimating Rain 
Attenuation and Space Diversity Per- 
formance", IEEE Trans, on Geoscience 
Electronics, GE-17, No. 4, October, 
pp. 218-239. 

Goldhirsh, J. [1975], "Improved Error 
Analysis in Estimation of Raindrop 
Spectra, Rain Rate, and Liq^iid Water 
Content Using Multiple Wavelength 
Radars", IEEE Trans, on Antennas and 
Propagation, September, pp. 718-720. 

Goldhirsh, J. and I. Katz, [1974], "Esti- 
mation of Raindrop Size Distribution 
Using Multiple Wavelength Radar 
Systems", Radio Science, Vol. 9, No. 
4, April, pp. 439-446. 

Gunn, K.L.S. and T.W.R. East [1954], 

"The Microwave Properties of Precip- 
itation Particles", Quart. J. Roy. 
Meteor. Soc*, Vol. 80, pp. 522*545. 

Hodge, D.B. [197V], "Frequency Scaling 

of Rain Attenuation", IEEE Trans, on 
Antennas and Propagation, Vol. AP-25, 

pp. 446-44"^. 

MacArthur, J.L. [1978], "Seasat-A Radar 
Altimeter Design Description", JHU/ 
Applied Physics Laboratory contrac- 
tor report SDO-5232, November. 

Marshall, J.S. and W. McK. Palmer [1948], 
"The Distribution of Raindrops with 
Size", J. Meteor., Vol. 5, pp. 165- 
166. 

Medhurst, R.G. [1965], "Rainfall Attenu- 
ation of Centimeter Waves: Compari- 
son of Theory and Measurement", IEEE 
Trans, on Antennas and Propagation, 
Vol. AP-13, pp. 550-554. 

Probert- Jones, J.R. [1962], "The Radar 
Equation in Meteorology", Quart. J. 
Roy. Meteor. Soc., Vol. 88, pp. 
485-495. 


Ray, P.S. [1972], "Broadband Complex Re- 
fractive Indices of Ice and Water", 

Appl. Opt,, Vol. II, pp. 1836-1844. 

Rowland, J.R, [1976], "Comparison of Two 
Different Raindrop Disdrometers" , 

Proc. 17th Conf. on Radar Meteor., 
October 26-29, Seattle, WA., pp. 

398-405. 

Stephens, J.J. [196]], "Radar Cross- 

Sections for Water and Ice Spheres", 

J. Meteor., Vol. 18, pp. 348-359. 

Walsh, F.J. [1981], "Altimeter Rain Detec- 
tion (Appendix E)", Performance Specifi- 
cation for the Altimeter (ALT) Instru- 
ment for the National Oceanic Satel- 
lite System (NOSS) , NASA GSFC, Docu- 
ment No. 465-1203-003, Revision A, 
February. 

9. ACKNOWLEDGEMENT 

The work was performed for the 
NASA Wallops Flight Center under contract 
(NASA HDPR S50748A; Radar Prediction of 
Rain Attenuation for Earth-Satellite 
Paths) , 



OF PGo;: 



Figure 1. Mie and Rayleigh reflectivities 
versus rain rate (M-P distribution) . 



figure 7. Attenuation coefficient versus 
rain rate (N*P distribution) . 



Figure 3« Reflectivity versus rain rate 
derived from disdrometer measurements. 
Comparison with M-P case is given. 
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Figure 4, Attenuation versus rain rate 
derived from disdrometer measurements. 
Comparison with M-P case is given. 



Figure 5. Echo power returned to the al- 
timeter from various distances below the 
top of the rain versus rain rate. 
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Figure 6* Nominal values and uncertainty 
bounds on power returned to the altimeter 
from the top of the rain and 5 km into 
rain versus rain rate. 



Figure 7. Nominal power difference and 
uncertainty bounds for 5 km path versus 
rain rate. 



Figure 8. Apparent rain rate versus peak 
rain rate for Gaussian distributed rain 
cells of various widths. 



Figure 9. Power difference between top 
and 5 km into Gaussian distributed rain 
cells of various widths versus peak rain 
rate. 
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Figure 10. Constant apparent rain rate 
(dashed lines) and power differences 
(solid lines) isopleths versus peak 
rain rate. 
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Beam axis displacement from ram rate peak, d. km 


Figure 13. Apparent rain rate at rain 
top versus displacement of rain rate 
peak from antenna boresight. 



Beam axis displacement from ram rate peak, d, km 

Figure 11. Power returned from the top 
of the raincell versus displacement of 
rain rate peak from antenna boresight. 



Beam axis displacement from r2»in rate peak. d. km 
Figure 12. Power difference over 5 km 
vertical extent of rain cell versus dis- 
placement of rain rate peak from antenna 
boresight. 



Figure 14. Ratio of measured attenua- 
tion coefficient to reflectivity as a 
function of A at 13.5 GKt. M-P rain 
rate shown for reference. 
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Figure IS, Normalixed rain rate, at- 
tenuation coefficient, and Mie reflec- 
tivity venue A at 13.5 GHz. 



Figure 16. Echo power from rain top 
ae a function of Mie reflectivity. 
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Figure 18 . Arrangement of the transmit- 
ted and received pulses for the rain 
measurement mode. 
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Figure 19. Rain rate errors for * I ^ 
random errors for a 45-pulse average. 



Ram rate { mm/hr) 


Figure 17. Illustrative example de- 
picting variation of power returned 
to altimeter versus range. 


Figure 20* Rain rate 'errors for a 220- 
pulse average resulting from 'Fla ran- 
dom errors in k and ^ 1 dB calibration 
biases in power. " 
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USE OF COMBINED RADAR AND RADIOMETER SYSTEMS 
IN SPACE FOR PRECIPITATION MEASUREMENT -- SOME IDEAS 

Richard K, Moore 
Remote Sensing Laboratory 
University of Kansas Center for Research, Inc. 
Lawrence, Kansas 


ABSTRACT 

Combined use of a radar and radiometer in space for measurement of 
precipitation offers some interesting possibilities. The most obvious 
application of the radiometer is to measure the attenuation experienced 
by the radar signal. To do this one must make certain assumptions about 
the distribution of the hydrometeors and temperature in the atmosphere. 

The biggest problem with both radiometer and radar in measurement of 
precipitation is discrimination against the background emission and scatter- 
ing. Over the ocean this discrimination Is much easier than over the land. 
The use of closely-spaced frequencies permits taking advantage of the more 
rapid variation of the atmospheric effects with frequency than the variation 
of the surface effects. 

The various parameters of atmosphere, surface and system that may be 
used for such measurements are outlined here and five systems are postulated 
using unmodulated scatterometers and radars with reasonably good range 
resolution along with radiometers. The radiometers are always helpful, 
even if the radars are capable of measuring precipitation by themselves, 
because the radiometers permit estimating the attenuation experienced by 
the radar signal and thus improving the estimate of precipitation. 
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USE OF COMBINED RADAR AND RADIOMETER SYSTEMS 
IN SPACE FOR PRECIPITATION MEASUREMENT -- SOME IDEAS 

R . K. Moore 

Remote Sensing Laboratory “ University of Kansas Center for Research, Inc. 

Lawrence, Kansas 

INTRODUCTION 

Radars on aircraft and the groi'nd are routinely used for precipitation 
measu rement) and mul t i frequency microwave radiometers in space have been 
used for precipitation measurements. Radiometers and scatterometers have 
been used together in space for determining attenuation in the atmosphere 
and wind speed over the ocean, but not for precipitation measurement. Thus, 
this paper represents not a description of results but rather a proposed 
framework for considering joint use of active and passive microwave instru- 
ments for precipitation measurements from space. 

Three fundamental premises underlie this discussion: 

(1) We want to measure rainfall over land and sea on a 
global scale. 

(2) Low-orbit satellites will necessarily only provide 
samples of the rainfall but cannot provide continuous 
measurement . 

(3) Stationary orbit satellites should be used for part of 
the system if feasible, because they can provide nearly 
continuous data. 

With regard to premise number I, although the desire is to measure 
rainfall over both land and sea, a system that would work on either land 
or sea alone would be a major improvement, particularly one that would 
work over the sea. With regard to premise number 2, ever, though we may 
provide a wide swath of coverage from a low-orbit satellite, the orbital 
constraints necessarily restrict its measurements to relatively infrequent 
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samples of the precipitation. Therefore it is of more c lima tolog i ca 1 than 
forecasting interest. Sta t lonary-orb i t satellites would be most desirable, 
but the antennas required to achieve the needed resolution ^rom such sys- 
tems are so large that the systems are not specifically considered in the 
proposals advanced here. However, one can conceive of such systems using 
radar alone if the combination of beamwidth, range resolution, and speed 
resolution can be properly used together. 

Before proceeding, let us consider the measurements made by the two 
instruments and the significant atmospheric and surface parameters that are 
measured. The atmospheric parameters are related to rainfall and the sur- 
face parameters govern the background that must be discriminated 
The power received by the radar is given by 


I 

f 


where the subscripts are obvious. The overbars indicate that average powers 
must be used because fading of the signal due to random phase addition of 
components from different parts of the volume or surface have no meaning 
and must bu averaned out. The average power received from the atmosphere 
is given by 

where is the transmitted power, A is the wavelength, G is the <intenna 
gain in the direction of dV, is the scattering cross*sect ion per unit 
volume, and r is the range between the radar and dV, T(h,6) is the atmos- 
pheric transmiss Ivi ty from height h to the top of the atmosphere h at an 
langle with the vertical of 6 and is given by 
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( 3 ) 


where a(h) is the attenuation coefficient of the atmosphere at height h. 
The power received from the surface is given by 


I 

I 





C4ir)^ 


('*) 


where the only new quantity is the differential scattering coefficient or 
|scattering cross“sect ion per unit area These equations may be normalized 

Ito indicate the effect of pulse shape and beamwidth giving 



Here is the peak transmitter power, p^(t) is the pulse shape, g is the 
antenna pattern with a maximum value of 1, 1^ is a unit vector in the 
direction from the radar to dV. Thus the radar must take advantage of the 
pulse shape and the antenna gain (as well as, perhaps, the Doppler frequency) 
to discriminate between the desired signal for a rainfall measurement a 
9nd the undesIred background , 

The radiometer measures antenna temperature T^ which is given in general 
terms by 


To,= ^ (e,T5)T,x(o,e)+T«(e)x(o,e)+.T^(e) 
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Significant Here e is the emissivity of the surface in the direction 0 reK^tive to 
parameters ; 

vertical, is the physical temperature of the surface, is the effec- 

tive temperature of the surface due to scattered radiation from above, and 
T^p is the direct radiation from the atmosphere to the radiometer on the 

satellite. T is given by 
sc ^ ^ 

T,a (e) - ^ i) + Xii ,6, 




where the subscripts i, j refer to two polarizations. T. (s) is the downward 

on 

radiation from the atmosphere in a direction indicated by s. Y.j(9»s) is 
the scattering coefficient relative to projected area for scattering in the 
direction 0 of radiation incident in the direction s, and dQ^ is the differ- 
ential solid angle in the direction of s. In (6) we must define the 

downward radiation. It is given by 


a(h): T 


sky 




(7) 


where all quantities except have been defined, effective 
microwave temperature of the sky in the direction s. The last term in (5) 
is the upwelling radiation temperature which is given by 




T(h,e) 


TupC^) •sec© ■T^^^C2)«<(2)xCzJej<lz 


( 8 ) 


One can see from the above discussion that the relevant parameters 
for atmospheric measurement are fnore complicated to extract from the 
radiometer measurement than from the radar measurement^ hut use of multiple 
angles, polar izat ions and frequencies should make It possible to extract 
these. Indeed, various algorithms have been designed to do just this. 
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The situation is more complicated even than indicated because the 
transmissivity T and its related quantity the loss L(h,0) may be broken 
down into pieces associated with the different kinds of attenuations in the 
atmosphere. That is, 

where is the loss due to rain, L. is the loss due to ice particles, 
is the loss due to cloud, and is the loss due to molecular absorption 
in atmospheric gasses. The problem of separating these is important, both 
for the radiometer and the radar, where also contains terms due to rain, 
ice and cloud that need to be separated if one is to establish the rainfall 
rate. 


PHENOMENA TO EXPLOIT OR OVERCOME 

Table I is an extensive, but not necessarily complete, list of the 
atmosphere and background parameters that either can be used or must be 
overcome to measure rainfall with either the active (radar) system or the 
passive (radiometer) system, or the two together. Atmospheric parameters 
are listed first, some of which are associated with rain and therefore 
desirable, and some of which are associated with ice and cloud and there- 
fore undesirable. Background parameters associated with the surface are 
I isted next. 

The usual method for measuring precipitation by radar is to measure 
the volume scattering cross-section and relate it to the parameter 2 
by some empirical relationship of the form 


R * ko ^ 




/ 
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These empirical relationships have, of course, been derived on the assumption 
of various drop-size distributions and on the basis of measurements. 

One can also relate the rain rate to the loss in the rain by an 
empirical relation 




The steps required to obtain such a relationship are much more complex than 
those associated with (10) because of the complexities indicated in (5) 
through (8). Furthermore a model of the variation of mass per unit volume 
of liquid water^ of drop size^and of tempe ature must be obtained for the 
atmosphere as a function of height before one can obtain a relation like 
that of (11). Note that while (10) may be used only with radar, (11) may 
be used with both radar and radiometer for rain rate determination if suit- 
able models are available. 

One way to distinguish between the rain backscatter and the ground is 
by the frequency variation of the rain backscatter, which is given by 




The function S^(A) is a constant for wavelength longer than some critical 
value: 




where the critical value is associated with the distinction between the Mie 


and Rayleigh scattering regions for the drop sizes encountered in the rain. 


t. 



0R!Gir:'vi. 

OF POOr^ OOAL.W 

Excess temperature is defined as the difference between the temperature 
observed by the radiometer and the temperature that would be observed if 
the atmosphere did not attenuate and emit. Thus, is the contribution 
to the radiometer measured temperature due to the atmosphere. It may be 
empirically related to the loss in the atmosphere: 

L, = w(T«) 


and through that loss to the rain rate by use of (II). 

If the Doppler frequency shift can be measured for the rain, it can 
give information about the wind shear and terminal velocity of the raindrops. 
In fact, if one could measure the individual Doppler speeds of the falling 
raindrops in the absence of wind one could determine the drop size distri- 
bution! The Doppler frequency is, of course, given by 



( 15 ) 


Information must also be available about the volume scatter and attenu- 
ation by ice particles in cloud and some means must be devised for separating 
these effects out if either volume scatter or attenuation or a combination 
is to be used for determining rain rate. 

All of the background parameters must be considered as possible ways 
to discriminate against the surface background scatter or emission. The 
subject of variations of the scattering coefficient and the emissivity 
e is beyond the scope of this paper, but it is significant to note in con- 
nection with some of the proposed systems that neither varies rapidly with 
frequency, but both vary significantly with ocean wind speed. 
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BASIC MEASUREMENT PROBLEMS 

Th<*re are two basic measurement problems associated with use of com- 
bined radar/radiomete'' systems for a rain rate determination, as illustrated 
in Table 2. The most important physical problem is that of distinguishing 
the rain effect from the backgrounds such as surface, cloud^and the bright 
band effect associated with water-covered ice particles. Research problems, 
however, exist to determine many of the relationships associated with 
Table 1 that are at present poorly defined. 

INSTRUMENTS TO CONSIDER 

Because a radar can be modulated in various ways and the modulation 
used to set range resolution,* and because a radar, if it uses coherent 
detection, can measure Doppler frequencies, several kinds of radar systems 
need to be considered. Only a single radiometer system exists (although 
with many variations). The active systems include those listed in Table 3- 

With the different systems of Table 3 or with the radiometer, many 
parameters may be varied. Somewhat more parameters are available for varia- 
tion with the radar than with the radiometer because of its modulation and 
speed-measurement capability. Table 4 lists some of these parameters. Each 
of the parameter variations possible has implications for the capability 
of the systems to determine rain rate over a wide area. The last item on 
the list, the phase between polarizations, is listed with a question mark. 
Some researchers have indicated that measuring the relative phase of back- 
scatter in different polarizations can give significant information whereas 
others feel that such measurements do not give any useful information. Thus 
this is a questionable parameter for measurement but could be important. 



POSTULATED OCEAN SYSTEMS 


This section deals with a few sample systems involving both radar 
and radiometer postulated for use over the ocean. The reason for separ- 
ating these from the possible land and sea systems indicated in the next 
section is that the background from the ocean, both for the radar and the 
rad iometer^ is considerably weaker than it is over land, and more is known 
about its variations. Thus, tystems that would work over the ocean might 
not work over land because of difficulty in discriminating against the 
background. Three possible systems are postulated here. Others could, of 
course, be conceived, but these are illustrative. 

Table 5 lists possible ocean system I, using a radiometer-scatterometer 
system at a single frequency in X- or Ku-band. The scatterometer '<s designed 
to look in two directions, 90“ apart) at each element on the surface because 
the average scattering coefficient for two such orthogonal looks is related 
to wind speed but only slightly related to wind direction. Thus one may 
use the scatteromete" for determining wind speed which can then be used for 
correcting the radiometer measurement. 

The principle of operation is outlined in detail in the table. Note 
that the excess temperature used to determine the estimate of loss is based 
on the difference between the antenna temperature T and the brightness 
temperature of the surface Tg which itself includes both the emission and 
scattering effects on the surface. Since the brightness temperature of the 
surface is proportional to wind speed, one must start oTf with an assumed 
wind speed for this to come up with a first estimate of the loss. Fortunatel 
the attenuation effects in the atmosphere cause much larger variations in 

A 

antenna temperature than the variations due to wind speed so that L is 




OR!C;rAL TAGS JS 
OF POO:i QUALITY 

a reasonable estimate even with an assumed wind speed. Unfortunately, T„ 

D 

is also strongly dependent upon surface temperature, and one must obtain 
the surface temperature from some other measurement or at least from clima- 
tological data. 

The scatterometer measures the power returned, wh ich is corrected by 

/N 

using L to obtain an estimate of the mean scattering coefficient for the 
two ..irections. The wind speed may then be estimated from this measurement 
and this improved estimate of wind speed used to improve the assumed bright- 
ness temperature of the surface so that the T^^ is a better value than the 
first estimate. This better value may then be used to estimate the loss 
with more precision and the liquid water content estimated from the loss. 

In turn, the rain rate may be estimated from the liquid water content. Thus 
this system is one that uses the radiometer to determine the rain rate but 
corrects the radiometer estimate of T by use of the scatterometer. 

Table 6 lists another possible ocean system using a d -al- frequency 
scatterometer and a three-frequency radiometer. One would not need as many 
radiometer frequencies as indicated, but they are all desirable because 
each band is relevant to a different range of rain rate. The dua I -frequency 
scatterometer uses the C-band portion to estimate the wind speed because 
the C-band signal is affected only to a very limited extent by attenuation 
in the atmosphere. However, the estimate can be improved by use of the 
X-band radiometer to estimate the loss at C-band. The wind speed determined 
from the C-band scatterometer can then be used to estimate both and Tg 
at the other frequencies used by the scatterometer and radiometer. One then 
proceeds to estimate the loss at both the scatterometer frequency and 
radiometer frequency by use of the excess temperature measured. The received 



power for the higher -frequency scatterometer is then corrected by using 
this loss est imate^and an excess estimated is determined by the differ- 
ence between the corrected value for the measured and that predicted by 
use of the C-band data. This excess is then assumed to be not truly due 
to 0° but rather due to 0^. With a suitable atmospheric model one can then 
estimate Z from 0 ^^ and from that estimate the rain rate. One can also 
estimate the rain rate from the losses at the various frequencies determined 
by the radiometer so that two independent estimates of rain rate, based on 
somewhat different uses of the atmospheric model, are obtained. The esti- 
mates may then be compared and the best estimate established. Further study 
is needed to determine how best to perform this last step. 

Table 7 lists a third possible ocean system involving a radar having 
modulation to determine the location of the rain, but only modest resolution, 
and a step- frequency radiometer that can use the frequency variation of the 
antenna temperature to distinguish the contribution due to the atmosphere 
from the contribution from the surface that varies slowly with frequency 
(see paper by Harrington in this workshop). 

In this case the radar determines the height of the prec ipi tat ion,wi th 
an accuracy of 1 or 2 km^and the 0 ^ at that height. By knowing the height 
of the precipitation one can improve the model used to estimate the losses. 
The step-frequency radiometer is then used to estimate the loss. The value 
of Z at the height of the radar measurement is determined from 0 and the 

V 

rain rate is estimated both from the loss determined by the radiometer and 
from the value of Z at the heights where discrimination against the ground 
is assured by range resolution. These estimates are then compared and the 
best estimate established. 


D-312 



Note that a system like this might work over the land but it is much 
more certain to work over the sea because of the better discrimination against 
background by the radiometer. The radar part would work over the land by 
i tself . 


POSTULATED LAND - SEA SYSTEMS 

Because of the stronger backscatcer and emission from the land and 
because their variation is greater and not readily tied to a parameter such 
as wind speed, a land - sea system has more difficulty discriminating against 
the background than does a system that operates over the ocean alone. Two 
possible Iand“!.ea systems are postulated here. 

Table 8 lists the possih’ and - sea system number 1. The instrument 
involves a fine-height-resolution radar operating at X- or Ku-band. Its 
capability for resolving rain would be in the range of 200 to 1200 m. A 
step-frequency rac^iometer is used along with this to help correct the radar 
and provide an independent estimate of the attenuation and consequently the 
rain rate. 

The radar is the primary instrument in this system. It is used to 

y\ 

measure an estimate o return power as a function of height. The step- 
frequency radiometer is then used to determine an estimate of attenuation L. 

A single-frequency radiometer would not be satisfactory for this purpose 
over land because of the large brightness temperature of the land itself. 
However, a radiometer stepping across a narrow band can take advantage of 
the fact that the brightness temperature of the surface is less likely to 
vary rapidly with frequency than the contribution tc the antenna temperature 
from the atmosphere. Thus it is the magnitude of the variation of T across 

d 

ys A A 

the frequency band that is used to estimate L. L is used to correct P^ so 
that a better estimate of may be obtained. This is then converted into 


an estimate of Z as a function of height. 

The rain rate R is then estimated from the profile of Z. The rain 
rate may also be estimated from L, but this estimate is likely to h#> poorer 
than that obtained from the radar measurement. The estimates are then 
compared and a best estimate established. 

Table 9 illustrates possible land - sea system number 2. This system 
uses the step-frequency technique both with an unmodulated scatterometer 
and a radiometer. The systems can operate in X- or Ku-band, or perhaps 
both. The choice of frequencies for this system as for others is based on 
picking a frequency that is sensitive to the rain parameters and at the 
same time is low enough so that one can see from the satellite well into 
the rain^rather than having the signal highly attenuated in the upper part 
of the raining region. 

In this system the loss is estimated by the step-frequency radiometer 
and used to correct the received power for the scat terometer . This corrected 
received power is used to determine an excess o°, which can be related to 
the backscatter from the precipitation by using It to estimate «. value for 
2. The rain rate then may be estimated from Z. The rain rate may also 
be estimated independently from L and the two compared. The reason that 
the step-frequency scatterometer can be used for determining is the 
same as the reason the radiometer can be used for such a purpose. That is, 
the variation of scattering coefficient over the land or sea is relatively 
slow with frequency compared with the variation of scattering from rain. 

Since one of the difficulties with such systems is distinguishing the 
amount of backscatter and attenuation associated with the "bright band region" 
so that it may be removed from the rain estimate, one might be able to use 
a cross-polarized receiver for the scatterometer and allow the cross-polarization 




0-314 


ratio to aid in estimating the bright-band contribution. The cross-polar- 
ized signal is very low compared with the like-polarized signal when the 
return is from nearly spherical small droplets; whereas in the bright band 
where the particles are not so uniformly shaped and are much larger^ the cross- 

polarized signal is also much larger. If this is done, the estimate of the 

^ ^ ^ 
bright-band contribution to is removed from before estimating Z. 

CONCLUSIONS 

The combined use of a radar and a radiometer for measurement of pre- 
cipitation offers some interesting possibilities. The most obvious appli- 
cation of the radiometer is to measure the attenuation experienced by the 
radar. If a multifrequency radiometer is used, one may be able to estimate 
a profile of the attenuation, although none of the systems proposed here 
call for this except ocean system 2. Otherwise, one must always assume 
a model for the vertical distribution of rainfall and other attenuating 
hydrometeors . 

If it is possible to get the fine altitude resolution of land-sea sys- 
tem 1, this system probably has the most promise because it does allow 
measuring a profile of Z and therefore learning more about the nature of 
the rainstorm than would be learned with any of the systems that only deter- 
mine an average over the entire height of the storm. 

Before any of these systems could be implemented, one needs to conduct 
many more detailed studies of the performance of the systems with various 
model atmospheres. These detailed studies will also provide information 
on the relationships associated with Table I for which more research is 
needed. Many of these relationships are not very well defined at present; 

«o a good deal of research is needed to provide accurate enough estimates 




¥ 
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of the relationship so that the postulated systems could work. 

More complex systems could also be postulated, Involving large numbers 
of frequencies for both the r 'dar and the rad iometer^and also involving 
Doppler frequency measurements for the radar. These systems have not been 
discussed here because of time limitations. One should first investigate 
the simple systems before looking into the more complicated ones, anyway! 
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TABLE 1 

PHENOMENA TO EXPLOIT OR OVERCOME 


NAME OF PHENOMENON 

ATMOSPHERIC PARAMETERS 

Rain rate vs rain-volume scattering 

Rain rate vs rain attenuation 

Rain volume scatter vs frequency 

Rain attenuation vs frequency 

Rain attenuation vs angle of 

INCIDENCE 

Rain attenuation vs excess 
TEMPERATURE 

Doppler frequency shift 
Volume scatter from ice particles 
Volume scatter from cloud 
Attenuation by ice particles 
Attenuation by cloud 


SYMBOLIC FORM 

ACTIVE 

PASSIVE 

R vs 

X 


R vs L„ 

X 

Y 

/\ 

vs F 

X 


L„ vs F 

X 

X 

L„ vs e 

X 

X 

^ ^ex 


X 


X 


vs F 

X 


vs F,P 

X 


Lj vs F,0 

X 

X 

L^. vs F,0 

X 

X 
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T/i£LE 1 (continued) 

PHENOMENA TO EXPLOIT OR OVERCOME 

NAME OF PHENOMENON SYMBOLIC FORM ACTIVE PASSIVE 


BACKGROUND PARAMETERS 

0 

Scattering coefficient vs frequency ci^ ys f X 

Scattering coefficient vs angle 

OF incidence a^vs 0 X 

Scattering coefficient vs azimuth 

ANGLE C**VS X 

Scattering coefficient vs 

POLARIZATION O^VS P X 

Scattering coefficient vs ocean 

WIND speed <J^VS U X 

Emissivity vs frequency £vs f X 

EmISSIVITY vs ANGLE OF INCIDENCE £VS 0 X 

Emissivity vs surface temperature tvs Tg X 

Emissivity vs ocean wind speed tvs u X 

Emissivity vs polarization tvs P X 
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TABLE 2 

BASIC MEASUREflENT PROBLEnS 

DISTINGUISHING RAIN EFFECT FROM BACKGROUNDS: 

Surface effects 
Cloud effects 
Bright-band effects 

DETERMINATION OF POORLY-DEFINED RELATIONS IN TABLE 1 


TABLE 3 

ACTIVE SYSTEMS - BASIC TYPES 

Unmodulated scatterometer with noncoherent detection 

Ranging scatterometer with noncoherent detector 

Unmodulated Doppler scatterometer (coherent detector) 

Range-Doppler scatterometer (modulated with coherent 
Detector) 
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TABLE 4 

ACTIVE AND PASSIVE SYSTEMS: 
PARAMETERS TO VARY OR DUPLICATE 

ACTIVE 


Frequency X 
POLARIZATiON X 
Angle of Incidence X 
Azimuth Angle X 
Angular Resolution X 
Range Resolution X 
Speed Resolution X 
Bistatic Angle X 
Integration Time X 
Bandwidth X 
Scan Pattern X 
Phase Between Polarizations (?) X 


PASSIVE 

X 

X 

X 

X 

X 


X 

X 

X 
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TABLE 5 

POSSIBLE OCEAN SYSTEM 1 

INSTRUMENT: Rad:^^ieter - Scatterometer (2 orthogonal looks) 

FREQUENCY: X- or Ku-band 

PRINCIPLE: 

A A A 

Rad gets L for assumed u ffdm T^^^ ' Tg(u) 

£k. 

Scat measures Pj^ for 2 looks 

A. ^ 

<T^ corrected to O'" BY USING L 

A 

U ESTIMATED FROM q -<- 

A ^ 

Tg(u) USED TO GET T^j^ 

USED TO ESTIMATE L 

Liquid water estimated from L 
R estimated from liquid water 
(requires model of height of precipitation layer) 
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TABLE 6 

POSSIBLE OCEAN SYSTEM 2 


INSTRUMENT: Dual-frequency scatterometep (C-band and X- or 
Ku-band) + 3-frequency radiometer (X-band> Ku- 
BAND> Ka-band) 

PRINCIPLE: 

X-BAND RAD ESTIMATES L AT C-BAND 

Corrected C-band ^t^'used to estimate 

U USED TO ESTIMATE 

1) X- OR Ku-band 

A 

2) X-^ Ku-/ Ka-band Tg 

.A /N 

T^ AND Tg USED TO ESTIMATE T^^ AT X-> Ku-> Ka-BANDS 

yN A 

Tgx USED TO ESTIMATE L AT X/Ku-BAND SCAT FREQUENCY 

A 

Pj^ FOR X/Ku-band scat corrected by L 

^EX “ Corrected ‘ ^predicted X/Ku-band scat 
Z estimated from 

A 

R estimated from Z 

A A ^ 

R estimated from L(X), L(Ku)y and/or L(Ka) 

R estimates compared and best estimate established 
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TABLE 7 

POSSIBLE OCEAN SYSTEM 3 

INSTRUMENT: Modest height- resolution radar (X- or Ku-band) 

+ STEP-FREQUENCY RADIOMETER (X* OR KU"BAND) 

PRINCIPLE; 

Radar determines height of precipitation 
(accuracy 1-2 km) and at that height 

A 

Step-frequency radiometer used to estimate L 

A 

Z estimated from ( Ty ^ 

R ESTIMATED FROM L 

R ESTIMATED FROM f AT HEIGHTS WHERE (T^DOES NOT CONTRIBUTE 
R ESTIMATES COMPARED AND BEST ESTIMATE ESTABLISHED 


NOTE: This system might work over land, but it is more 

CERTAIN OVER SEA. 
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TABLE 8 

POSSIBLE LAND-SEA SYSTEM 1 


INSTRUMENT: Fine height resolution radar (X or Ku-band) 
(Resolution in height 200-1200 m) 

+ step-frequency radiometer (X OR Ku-band) 

PRINCIPLE: 

A 

Radar measures P^ vs h 
Radiometer determines^ 

^ A A 

Pp CORRECTED BY L TO DETERMINE ^ 

A 

I ESTIMATED FROM 

A 

R ESTIMATED FROM Z PROFILE 
R ESTIMATED FROM L 

R ESTIMATES COMPARED AND BEST ESTIMATE ESTABLISHED 
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™LE 9 

POSSIBLE LAND-SEA SYSTEM 2 


INSTRUMENT: Step-frequency unmodulated scatterometer + step- 
frequency RADIOMETER 

FREQUENCY: X or Ku-band 

PRINCIPLE: 

L ESTIMATED BY RADIOMETER 

A A 

Pp FOR SCAT CORRECTED BY L 

<^ / N 

DETERMINED FOR SCAT USING Pp (CORRECTED) 

Z ESTIMATED FROM 

A 

R ESTIMATED FROM Z 

A 

R ESTIMATED FROM L 

R ESTIMATES COMPARED AND BEST ESTIMATE ESTABLISHED 

POSSIBLE VARIATION: 

Use CROSS-POLARIZATION FATIO TO DETERMINE "BRIGHT- 
BAND CONTRIBUTION TO 

Subtract this before estimating Z 
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USE OF THE OPTIMAL POLARIZATION CONCEPT IN ELECTROMAGNETIC 
IMAGING OF HYDROMETEOR DISTRIBUTIONS 


Wolfgang-M. Boerner 

Communications Laboratory, Information Engineering Department 
University of Illinois at Chicago Circle 
SEO 1104, P.O. Box 4348, Chicago IL 6 O 680 


ABSTRACT 


This paper presents a brief revisitation of some fundamental physical con- 
cepts of optimal polarization characteristics of a transmission path or scatter- 
er ensemble of hydrometeors. It will be shown that based upon this optimal po- 
larization concept we are certain to expect further definite advances in remote 
atmospheric sensing. Here our main objective is to clearly identify the basic 
properties of Kennaugh's optimal polarization theory. 

I. Introduction 

In recent years radar meteorology has undergone a dramatic phase of change 
using doppler weather radars and a national network of such advanced remote sen- 
sing systems is itminent [1]. The doppler radars have several advantages above 
the currently i.sed incoherent radars, which are invaluable in locating storms, 
determining their sizes, and heights. Coherent doppler radars provide additional 
information and the mean velocity vector and its dispersion as well as Improved 
sensitivity in more precise forecasting of storms and particularly tornadoes. 
Although the coherent doppler radars will provide another absolutely required 
remote sensing feature, they do not present acure-allof the ultimately most com- 
plete atmospheric radar . «mote sensing system. In fact, all recent partial ad- 
vancements made with experimental dual polarization radar systems [2, }, 4, 5 ] 
indicate that an integrated doppler radar system, with adaptive dual polarization 
facility will represent the ultimate remote sensing system in radar meteorology of 
clear air turbulance and/or hydrometeors. Thus, we are now in the design and de- 
velopment phase of a more complete polarization doppler radar system which most 
likely will replace or at least complement doppler and incoherent weather radars 
In the next five to ten years. 

Thus, it is the objective to introduce basic polarization descriptors use- 
ful for the complete description of interfaces between various regions of dif- 
ferent hydrometeor states within a cloud, storm or tornado, as well as for the 
imaging of these entities. 


2. Polariza>ion Descriptors 

In this brief introduction to optimal polarization descriptors, we will 
schematically Introduce basic definitions (Table l). describing the polariza- 
tion ellipse in time and frequency domain (Fig. 1) and its relationship with 
the Poincare sphere. 
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3 . Scattering Matrices: [S] , [H] , [P] 

There exist three matrices of specific value to the description of hydro- 
meteor ensembles in the coherent and the incoherent cases which are defined 
here and the interactions are derived. 

3 . 1 The Scattering Matrix [S] 

The 2x2 complex scattering matrix [S] is relating the polarization vec- 
tor of the scattered field to the corresponding one of the Incident field 
through the relation: 

hS - [$) h' (11) 

Different representations for [S] with absolute and relative phase in the bi- 
static and nonostatic cases are summarized as follows: in the bistatic case, 

the scattering matrix with absolute phase is defined by: 


(Sj 


'ab 



/Is. Je-*'^AA 

ISAole*'^ 


/ ' AA* 

' AB' 

m 

V^BA'*'^^®^ 



(12) 




^ab^ 

'^AB^ 


i"AB' 





AB 


- ej^AB [S] 


SMR 


(13) 


where is the absolute phase, target scattering matrix with 

relative phase and it can be written^in the bistatic case as: 



l"ABl 

IS^gle^^^BB * "^AB^J 


(lA) 


Eqs. (12), (lA) satisfy the reciprocity condition S . ■ S. (I^adI * I^BA^’ 

♦a 0 “ ^BA^ monostatic case. In this paper, we are considering the mono- 

static case only, 

3.2 The Mueller Matrices 

•r. '''• "“‘<'''•<1 '•"•lie'- Mtrix (H 

..rlS, A,.". in™!!'""" 


th. l"’ •=*tt.r.d Stok« vector o* 

tne corrMoondinj incident vector j with the followins reletionship: ^ 


to 
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( 15 ) 


where the Stokes vector is defined in Table I. A similar relationship relating 
the modified scattered and incident Stokes vectors is given by: 



( 16 ) 


The relationship between [m] and 

(Ml - iRllMllR'') 

m 



is given by [ 6 ] : 


and 


[H] - J[R] 

n) 

where the constant matrix 


/ i -i 
10 0 
\o 0 


0 

0 

I 

0 



( 17 ) 


( 16 ) 


The Mueller matrices are k x 4 real and asymmetric. The symmetric Mueller 
matrix [M ) can be deduced as follows: 

The deceived power (7l i 18 #9] is 


P 

r 





r 


92 


Qj gp - • 1 • 


where 3 *, are the scattered wave and 
tively and [Q] is a constant matrix and 


receiving antenna Stokes vectors 
is given by: 


(19) 

respec- 


lQ]-i 



0 

1 

0 

0 


0 

0 

I 

0 



substituting (I 6 ) into (19), then 

p^ - 10] iMJa • ^ - iM Ja' • 2 

where [M^] - [Q] [m] is a symmetric Mueller matrix. 

3.3 Graves Power Scattering Matrix [P] and Its Associated [P^] and [Py] 


The total ' ckscattered power from a target is given by [9] 


P m h** • h’ - (h**)^ h* 

0 " 

where h* is the backscattered polarization vector. Substituting (ll) 

P - (h‘)^*[s'^l*lS]h’ - (h‘)"^*lPjh' 

0 * 

where the matrix [P] is known as Craves power scattering matrix and it 
by: 


( 21 ) 

into (21) 
( 22 ) 
is given 
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where a, b are real and c is complex. The reconstruction of the elements of (P] 
In terms of the elements of the scattering matrix [S] is given in Table 2 [10]. 

The matrix [P] can be decomposed into •two measurable matrices (P ] and [P ] 

H V 

v^re [P] - [P^] + iPy] 

The elements of [P ] and [P,,] in terms of the elements of [S] are also shown ii. 
Table 2 [lO]. ' 


TabU 2 : ^construct ion of [h 1 , [m ), (?] , iP^] , (P ] 

II) n V 

•nd OptifWl Polarization from [S] 


i"l [6] 




*12 ■ "21 


"■|3 ■ "31 


***'aA*A» * *AI*#B* 


■"l.l “ '"^^AA^AB * *AB*Bb’ 

■ *'i*AA'' - ^I*Ab'' " I*BbI'* 


"23 ‘ "32 


**'*AA*Ai * WbB> 


-m. , • 

<«2 AA AB AS 16 

“•'^aaSb' * I^b'^ 

- m - > 


“•«aaVb» 

■ 

1-3 

"" <WaI' 

f m 

-IM 

Is H 



' BB' 
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m 


i«(SabSb|) 
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♦ 
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■ 

-"1. 
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-1 i 
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k. The Concept of Optimal Polarizatfon Pairs 

It was first shown by Kennaugh (1952) that there exist two pairs of op- 
tima! polarizations which can be useful in describing 
target properties at one aspect and at one frequency. The concept is based 
on Invariance of polarization state transformation under consideration of re- 
ciprocity as we will introduce next. 

A. 1 Polarization State Transformation 

in the following we shall limit ourselves exclusively to the monostatic 
case (e " e., tp ) and we may define the "normalized monostatic scatter- 
ing matrix s' with relative phase" in terms of two arbitrary elliptical but 

orthogonal polarization base vectors h, and fi_ so that with h «■ fi.fi. + fi„fi„ 

AB — AABB 


h* - tsjh*. Is) - 


^AA I^AB 


^b' ^BB 


s ■ s 

AB BA 


* ♦ba ■ ® 


Thus, assuming reciprocity of the propagation path ($ ■ S_.) and conservation 

of energy, we require five real or seven positive rea***quant i ties to determine [S] 
completely [3 #1, #A]. However, we note that in case S g ft Sg^ i.e., reciprocity 
of the propagation paths i$ violated, the definition 6r (25) cannot be used [12] 
as may be encountered for a propagation path within a highly ionized cloud con- 
taining various dense liquid and solid ice states of hydrometeors [13] . 

Assuming reciprocity holds, there exists an infinite number of general pairs 
of orthogonal elli^ ical polarization base vectors fi., fi_ and an infinite num- 
ber of possible invariant transformations [8 #12 ]. "Numerically, the transfer 
mation properties of S(A,B) assuming no polarization losses from any one or- 
thogonal polarization pair - ^A^B ^B^B another orthogonal pair h' ■ 

^B^b' expressed in terms of a single complex transformation parameter p 

and its complex conjugate p- so that 

IS'(A', B')) - IT)^ [S(A, B))[T] 

and for the normalized representation of the unitary transformation 
matrix [T 1 becomes 


[T] • (1 ♦ «•)■'» 


1 - 0 * 


where the transformed elements then are given for the oeneral bi static case by 


D-331 


A'A* 


S' 

^ A'B' 

c* 

^ B'A' 


S’ 


B'B' 


( 1 + PP*)‘| + p(s^g + Sg^)] 

(1 + pp*) C"P*^AA * ^^BB '*’ ^AB ” *^^*^BA^ 

0 + PP*)"^ t‘P*SAA ^ pSgg + Sg/, - PP’^S^g)] 

(1 + pp"*) [p*2 S^ + Sgg - P* (S^g + Sg^)]^ 


f. 

^CGW Q 


?3 

'-■ALity 


(27) 


satisfying the transformation invariants 

det US(A, B)]} - det{[S'(A', B')]} ■ invariant, 

and 

Span{[S(A, B)]} = 1S^|2 + |S^„|2 + |SrJ 2 + |c^j 2 = p 


AB‘ 


'B.V 


'DB' 


( 28 ) 


»Span{[S‘(A’, B’)]} * + |S'^.g.|2+ |s'g,^. 


IS' 


B'B' 




9) 


for all p; i.e, if reciprocity 


= invariant 

we note that if S. „ * ^BA ’ ^*A'B' ** ^*B'A' ^ ‘ ' k* ■ ' 

is satisfied for any one^pair of orthogonal polarizat ions it is satisfied for 
all such pairs. Furthermore, we must emphasize the important property that 
for any one given aspect and for one frenuency, the transformation is polari- 
zation invariant, i.e. the transformation occurs on one and the same polariza- 
tion sphere of radius p = span {[S(A,B)]}. Thus, if [S(A,B)] is known and re- 
ciprocity as well as conservation of energy is satisfied, IS'(A', B')] for any 
other orthogonal pair h(A', B') can be obtained as is known for example for the 
transformation from linear to circular polarization base vectors in Long [lAJ. 
In case of polarization losses properties of the coherency matrix need to be 
used [151, and the transformation will not occur on the same polarization sphere 

D6]. 


4.2 Calculation of the Optimal Polarizations 

It was shown by Kennaugh [8] that there exist twopairsof optimal polarizations, 
the Co-polarization Null Pair for which S' and S'g,_, in (27) vanish and the 
Cross-polarization Null Pair for which S'^,„, and S'g,^, vanish. In 

Table 2, the optimal polarization (CO-POL and X-POL)“nulls are given in terms of 
[S] elements and are represented on the Poincarfi sphere. 


Table 3: Reconstruction of Is], . from [m], [H ], [P ]. [P ] and 
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It should be^ noted that the CO^POL end X~P0L nulls 1i«. on one major circle 
on the Poincard polarization sphere and that their locations define the polari- 
zation fork (Fig. 3) • The X-POL nulls are anti-podal on this sphere and the 
line joining them bisects the angle between the CO-POL nulls as shown in Fig. 

3. We note here that this unique description of a scatterer under monostatic 
conditions given for one frequency and aspect is of paramount importance to tar- 
get description at one aspect and one frequency and its properties have been 
overlooked in the past. 

4.4 Reconstruction of 

The reconstruction of (SLy- from [m] , (m ] , [P] , [P J and (P J or optimal 
polarizaions is shovn in Table’5. This means tables 2 and 3 give a complete in- 
terrelationship between these scattering matrices as well as the optimal polari- 
zations. From a measurement point of view, this is very important because it 
suffices to measure one of the matrices or the optimal polarization to calculate 
the other n»atrices. The reconstruction of [S]. . from the optimal polarizations 
is of great importance to target polarization lynthesis. In these Tables. A 
and B are any two orthogonal bases e.g. horizontal and vertical. We note here 
that in the Incoherent or quasi -coherent ease, clustering properties of the CO- 
POL nulls need to be taken into consideration as Is discussed in Section 6. 

4.5 Measurements of [Si. [Pl and tHl 

The measurements of the scattering matrices [S], [P] , and [m] are intricate, 
and various methods exist which have been summarized recently in, .Soerner, et al.. 
1981 *, n7J* Of particular interest here is the measurement of [SI and In particular 

retrieval of both amplitude and phase of all of the relevant elements of 

i^UhR' I^abI • 1^baI‘ '>aa» ♦bb ■**un»ing that - 0. 

Sinca this brier intrSauctlon does not allow a complete treatment, ^Se reHr to 
the above report and point out only that It is absolutely necessary to measure 
the relative phase between the two co-polarlzed components in addition to the 
relative Phase between the c2s-/S:ross-polarized components as well as the ampli- 
tudes of |S,^!, IS.gl, lS.,1, which requires Isolation of at least 25 to 30 dB 
between co-and crols-po lari zed channels. 
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5.0 Optimal Polarizations for Different Target Shapes and Clutter 

The CO-POL and X-POL nulls are calculated here for differnt target shapes. 
Table A shows the calculated nulls for simple shapes, e.g. ideally conducting 
flat plate or sphere, metal lich trough, right and left metallic screws. The 
optimal polarizations are also calculated for linear targets e.g. horizontal, 
vertical, with horizontal as shown in Fig. 4. 

Table 5 and 5 show the optimal polarization for sea clutter and snow pack, 
respect i vely. 


Table 4: CO-POL and X-POL null for simple target snapes 
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Table 5: CO-POL and X-POL null data for sea-clutter 
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Tdble 6: OPTIMAL POLARIZATION OF SNOW-PACK CLUTTER 


(Using data made available from Report Number RSL 3^"3, by Stiles and Ulaby 10/79) 
Measured data 

Steamboat Spring, Colorado: o = -11.70 dbs 

Date: February 21, 1977 = -20.90 dbs 

Time: 07:05 o = -10.70 db 

Aspect Angle: 10® j ■ u 

_ , randomly generated relative phases 

Frequency: 3.6Ghz 


randomly generated relative phases 
0 < Ill's < 360° 



Scattering Matrix 

p .219 + jo. 14 0 . 0902 ] 

[ 0.0902 0.255 + jo. I4lj 

CO-POL Nulls 

CO-POL 1: 0^ - 160.7*, - -46.61° 

CO-POL 2: 0^ » 19 . 04 ®, - - 110 . 72 ° 


9 

f 


X-POL Nulls 

X-POL 1: Oj - 90 . 15 *, - 101 . 57 * 

X-POL 2: 0^ - 89 . 85 *, i|i 2 » -78.43* 
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6. Optimal Polarization for the Quas i -Coherent Case 


In the quas i-coherent time varying case the coherent concept introduced 
before cannot be used and we need to decompose the Stokes vector into a co- 
herent and a non-conerent component as is summarized in Table 7. 

Tabic 7: Analytit of Cohorant-to^noncoherent Tima Varying Cluczar Seatfseica 
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As can be observed from Table 7, the completely polarized part 
of the partially polarized wave can be represented by one point on the polari- 
zation sphere with radius equal to the degree of polarization P and spherical 
co-ordinates (p , tt/2 - 2t , 24>). The unpolarized part can be represented any- 
where inside a sphere with radius (1 - P) representing the intensity of the 
unpolarized part. The center of this sphere is the intersection point of the 
extended line from the center of the Polarization sphere and the point representing 
the completely polarized wave with unit shpere. Thus, we observe that instead of one 
isolated point representing the co-polarization nulls, we obtain circluar clus- 
ter regions about the location of the "averaged coherent" CO-POL null loca- 
tions whose radius is equal to about (1 - P) and represents a measure of in- 
coherency. The particular property of the optimal polarizat ion concept applied 
to the incoherent clutter case will be of paramount importance to the descrip- 
tion and imaging of hydrometeor distributions. Due to the lack of coherent 
radar systems with complete polarization diversity, we are not able to pro- 
vide any examples at this time, and refer to the examples provided for the 
cases of sea-clutter and snowpacked terrain clutter provided in Tables 7, 6. 

7. Application to the Classification and Imaging of Hydrometeor Distributions 

We have introduced the basic background to show how optimal polarization 
properties of a scatterer in isolation and/or distribution are of paramount im- 
portance for the complete description of radar targets, clutter or voluminous 
distributions of particulate scatterers. We have also shown that it is essen- 
tial that the relative phase between the two co-polarized channels be measured 
which indeed is a difficult request. However, it can be shown that the relative 
phase term A ” optimum information on geometrical as 

well as materia? propei?ties oT a scatterer in specular direction as well as on 
the electromagnetic properties of the boundary separating ensembles of different 
species of scatterers. It is particularly this property which will become es- 
sential in the application of the optimal polarization concept to hydrometeor 
classification and imaging. 

8. Conclusions and Recommendations 

We conclude here that the optimal polarization concept is an important 
tool for radar classification and imaging of targets in isolation as well as in 
ensemble distribution. We have provided computational examples for the CO-POL 
and X-POL nulls for some simple as well as for some distributed scatterers. 

We require more measurement input data on amplitude as well as phase measurements 
of the elements of the relative phase scattering matrix for stationary 

and moving distributions of scatterers such as terrain, sea^as well as hydro- 
meteor distributions so that the optimal polarization concept can be further ad- 
vanced. 

Specifically, we recommend that one dual polarization radar system for com- 
plete measurement of be made available to the research community for the 

analyses of the optimal polarization concept as applied to various kind of clut- 
ter as well as hydrometeor distributions. Based on such an investigation, we 
then will be able to recommend which simplified Incomplete dual polarization 
radar system can be used on a space platform satisfying cost-benefit considera- 
tions. 
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BISTATIC RADAR METEOROLOGICAL SATELLITE 

Fred E. Nathanson 
Technology Service Corporation 
8555 16th Street 
Silver Spring, Md. 20910 

In studies of the best methods for obtaining complete U.S. radar 
meteorological coverage or coverage of a particular region such as the 
Carrlbean or portions of the Atlantic Ocean, the use of orbiting active 
meterologlcal radar facility at a nominal altitude of 700 kilometers has 
been Investigated.'-^ While this Is adequate to monitor meteorological events 
such as hurricanes, typhoons, or specific storm fronts. It Is limited as a 
general meteorological tool by the fact that a single satellite only monitors 
a given area perhaps twice a day. Coverage for those events would be desired 
about five or ten times as frequently. 

The technique discussed here Is that a radar transmitter with a 
moderate size antenna be plac>'.d In a geos 3 mchronous orbit with either a 
0** or a low Inclination orbit. The reflected signals from the precipitation 
are then received either on a single beam from a satellite having a beamwldth 
of about 6° or preferably with a beam that scans the U.S. In a "raster" pat- 
tern with about 0.9° beamwldth. While It would seem that a bistatlc system 
with the transmitter at synchronous altitude and the receivers near the sur- 
face would not be a very efficient way of designing a radar system, It is 
somewhat surprising that the required power and antenna sizes are not that 
great. 


Two factors make the meteorological application somewhat more 
attractive than the bistatlc detection of point targets. First, the bistatlc 
reflections of radar signals from precipitation are to a large extent omnidi- 
rectional, and while raindrops are spherlods rather than spheres, the rela- 
tionship of the reflectivity of the rain to rainfall rate ':an be easily de- 
rived. The second reason Is that the rain echo signal level Is Independent 
of range from a receive only radar, and If the bistatlc system works at all. 

It will work at long ranges. That Is, the signals impinging at a passive re- 
ceiver resulting from illumination from a geosynchronous satellite, will yield 
more or less constant reflective power at reasonable ranges from a ground sta- 
tion. While the power intensity at a ground receiver falls off Inversely as 
the square of the range from the reflectors, the beam volume increases directly 
as the square of the range. Obviously the angular resolution degrades with 
Increasing range. 


* Bucknam, J.N., R. P. Dooley and F. E. Nathanson. "A Shuttle Meteorological 
Radar Study" Final Report to NASA GSFC under Contract NAS5-20058 March 1975. 
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The reason that the power and aperture sizes are not that great is 
related to the volume search mission of a meteorological radar. Since at any 
point on the earths surface it is desired to scan a preselected area (or vol- 
ume) . there is not a significant difference whether that area is scanned wl'.h 
a short intense beam for a short period of time or the received power is inte- 
grated over a long period of time. Basically » the criterion for an area search 
is the energy incident on that area in the desired period. It is more efficient 
to have the satellite Illuminate an area of the U.S. 400 to 700 kilometers in 
diameter at one time rather than flood the entire U.S. with a lover power den- 
sity* Since this only requires a 10 to 15 foot aperture at a wavelength of 
5 centimeters (C Band) » there is no severe demand on satellite state of the 
art. Power levels required to detect light rains on the ground are approxi- 
mately 250 watts of average radiated power from the satellite which also is 
well within the envelope of what has been accomplished. The next sections show 
some brief calculations to illustrate this. Due to the geometry involved, it 
is only necessary to scan the satellite beam by plus or minus 3® in one plane 
and plus or minus 1 1/2^ in the other plane. This scanning can either be 
accomplished mechanically, since it is rather slow, or electronically using 
multiple feeds, or by frequency scanning techniques. 
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SAMPLE CALCULATIONS-BISTATIC METEOROLOGICAL SATELLITE 

The Po» er Density on the Earth's surface to cover the entire U.S. (~3600 Km 
diameter) is: 
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Wi 


where P^ is the transmit power, the transmit beamwidths are 0^ and 
and is Che distance frum Che satellite; If as in Figure 1, 

A • 3600 km • n t n 

T ' “ 0*10 radians 

C 36000 km 

where 36.000 km is approxiamcely geosynchronous altitude. 


G = = 31 dB 


Let P„ • 60 kw radiated 


X ■ 5.5 Msec pulae duration 


250 w 


T ■ 1.3 msec interpulse period 


0. 6 X 10' 

-2 -»-15 

10 X 1.3 X 10 


.45 X 10"^ watts/M^ = -83 dB watts/M^ 


The power reflected Coward the receiver, neglecting polarization losses, 
is : 

■‘r.fl ■ ’’d.n " ■ 

■ ^d.n 

The ground geometry is illustrated in Figure 2 where 0^, are Che receive 
beamwidths and Za is Che reflectivity per unit volume, R 2 is the range from 
precipitation toward the receiver and AR is Che range resolution. Tf the 
receive aperture has an effective area A^, 
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SYNCHRONOUS SATELLITE 



I CURE 1 - GEONETR'f OF A DoWNWARD-LoOKI NG RaDAR AT SYNCHRONOUS 

Altitude 
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Figure 2 - Surface Receiver Geometry for Bistatic 
Meteorological Radar 
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( 2 ) 


Note that P is 
r 

A = 
e 


independent of R 2 « 



Also, 


then 


P 

r 


P, A^ARZa 
den 

47T 


(3) 


At A ■ 5.0 cm = C Band 

Za * -79 dB at r * 1 mm/hr 
“ -70.0 r =» 4 mm/hr 
If AR ■ 1.6 km 


In decibel notation from (3) 

P - -83 - 13 - 13 + 32 - 79 - 11 dBw 
^ - 167 dBw per pulse for full U.S. Coverage at all times 

= - 137 dBm per pulse 

The receiver sensitivity can be expressed by kT^B where B Is 
noise bandwidth. For a receiver system noise temperature* of 300“, an 
80 KHz bandwidth, 

kTgB - - 204 dB + 49 dB + 30 dBm/dBw - - 125 dBm. 

The slgnal-to-nolse ratio per pulse would be - 12 db. 

Since this power Is not adequate, consider sequential U.S. coverage as 2 

Illustrated In Figure 3. Then can be reduced by 17 dB, P. - - 66 dBw/M 

and Pj. “ " 120 dBm per >lse. 

• • P /N^ » S/N ® 5 dB at Imm/hr rainfall rate 

^ » 14 q3 at 4mm/hr 

» 23 dB at 16mm/hr 

For 8 pulses Integrated, a S/N or 5 dB per pulse Is adequate. For 16 pulses 
Integrated about 3 dB Is adequat'i. 


* Self contained parametric amplifiers ?re currently available with noise 
tenperatures of 75 “k at 3.0 GHz and 120“ at 10 GHz. 
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Note that the S/N is independent of thf receive aperture size 
since the beam volume increases as the receive aperture decreases. Thus 
the receiver aperture size is solely dependent on the desired resolution. 
Larger apertures would help sensitivity in the sense that more spatial 
averaging could be performed before the final product is delivered. Using 
a range resolution of 1.6 km, an angular resolution of 3 km at R 2 = 200 'm 
would seem to be adequate and would be better than the current WSSR-57. Then, 
9j^4) and ())j^ = 3/200 - .015 radians (''^.9'’) and the required dish size is 3.2 
meters (11^). In practice, 3 meters high by 4 meters wide would be more 
than adequate. 

TIMING 

The timing of the received signals will provide a limitation. To 
illustrate this, assume that coverage of the U.S. at 90 minute intervals is 
desired. With the coverage illustrated, this allows about 2.S minutes per 
"foor print." If we choose the 0.9® receive beamwidth, there are 400 beams 
on the horizon of the receiver, and the time allowed for each azimuth at beam 
position is 420 milliseconds. If the interpulse period is 1.3 milliseconds 
there are about 320 pulse per azimuth position. If we assume that 10 ele- 
vation beams are desired there are about 32 pulses per beamwidth for a single 
channel receive system. This is somewhat marginal for accurate averaging of 
the reflected signals. A spiral scan could be used for the 2.8 minute per- 
iod. Two adjacent range cells could also be averaged. A better design would 
be to have multiple simultaneous receive beams to take advantage of the foot- 
print being fully illuminated for 2.8 minutes. Since the illuminated area is 
well known at any given time, the antenna scan can be planned to look "into" 
the footprint as it arrives and look at the opposite direction as it leaves. 

Carrier Frequency Selection 

A carrier frequency of 6 GHz (.C Band) was selected for the sample 
calculation. From equation (2), the prodict 9j^ A^ will vary inversely as 
the square of carrier frequency if either resolution or aperture area are held 
constant. Conversely Zo increases as the fourth power of frequency. Thus. Pj. 
increases as the square of frequency if attenuation in precipitation is neg- 
lected. Attenuation in precipitation can usually be neglected at S band 
(3GHz). At C band, the coefficient is of the order of .01 db/km/mm/hr . With 
the blstatlc geometry, the signal from the satellite only passes through a 
small part of the atmosphere. The attenuation is primarily "one-way" through 
the receive path and thus is much less than the normal two-way radar attenua- 
tion. With a 100 km path of light rain, the attenuation would be about 1.0 
db at C band and about 3.0 db at X band (10 GHz). With a typical 25 km dia- 
meter 4 mm/hr rain the attenuation would be about the same. A small amount 
of attenuation in the transmit path must be added, as would the Increases in 
clear atmosphere losses 1 db) going from C to X band. Receiver sensitivity 
would also degrade by 1 db. With widesperead rain the reflectivity increases 
faster with rainfall rate that c’oes attenuation. Intervening storms would be 
the problem. 

Since the receive system is simpler, a dual frequency system could 
be Implemented. This could consist of 6 GHz for measurements of g’*eater than 
1 mm/hr and perhaps 13.9 for measurements at 0.25 to 4.0 ram/hr. The state of 
the precipitation could be determined at closer ranges. 
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since the X band reflectivity is about 9 db higher than at C 
band there remains some (3-4 db) benefit to the X band system. In addi- 
tion, the satellite antenna aperture area would be less than 1/2 that of 
the C band set. For a 500 km footprint, the diameter of the satellite 
antenna would be 70-90 wavelengths. This 11-15 ft. at C band or 7-9 ft. 
at X band. The weight saving may be significant. 

Doppler 

The system can have a doppler capability by making the trans- 
mitter and the receiver coherent. The ground receiver is in the "foot- 
print," and would have an auxilliary horn to receive the transmitted 
pulses. The output of the horn is used both as a time reference and to 
phase lock the receiver. Since the orbit will be known, corrections can 
be made. To achieve doppler accuracy and resolution comparable to NEXRAD 
requirements would require larger higher resolution systems. 

Horizon 

At long range, multipath would be less of a problem, but land 
clutter might be more of a problem since the sidelobe reduction would be 
"one-way" rather than "two-way." A low sidelobe ground system antenna 
would be important. MTI could also be utxlized. 

Other Variations 

If a frequency such as X band is utilized, the attenuation of the 
direct signal to the ground radar is a measure of the liquid water content 
directly above the ground site. Calibration would be practical since there 
are at least 32 ground stations receiving the signal on any raster and some 
of them would be in non-precipitating regions. To extend this, a series of 

reflectors 2m x 2m can be placed in a circle on small towers at about a 45° 

angle to the vertical. If located 10 km from the receiver sites, the reflec- 
tions from these would be about 20 db above the receiver noise in tne absence 

of rain. 


Airborne receive systems could be built for special studies. For 
example, the transmitted beams could be diverted to the Carrlbean Sea for 
observations of new hurricanes. Sea backscatte.r could also be observed to 
infer wind patterns. 

Conclusions 

The ideas presented here are preliminary, but show that it is 
practical to design Satellite Radar Meteorology Network to cover a large 
area such as the U.S. A single synchronous satellite that merely transmits 
pulses from a coherent source is all that is needed. Its scan angle is small. 
The ground receivers would be relatively simple having no transmitter or high- 
ly stabli oscillators. There is no radiation problem on the ground. Ground 
receivers can be placed wherever desired and added at low cost. No Sensitivity 
Time Control (STC) would be needed. The required dynamic range would be over 
20 db less than active radar saving 4-5 bits in A/D conversion. The single 
beam radar without doppler would cost about $140K plus another $100K for a 
basic doppler capability. Data processing, distribution, displays, etc. 
would require additional cost. 



The system Is simpler in the sense that many high data rate, 
high resolution goals of projected ground based doppler radars have been 
compromised. The calculations shown are for a 90 minute data rate rather 
than the 2.5 - 3.0 minute systems proposed for tornado detection. The 
system output could be combined with the use of ground doppler radars 
placed at key locations. 

Key areas to be addressed include the correction for attenua- 
tion in severe storms, and how to keep heavy land clutter from degrading 
performance. 

The relatively low data rate and simplicity of the system lends 
itself to unattended receivers connected by telephone lines to central 
processors. 
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ADAPT NELy POINTING SPACEBORNE RADAR FOR 
PRECIPITATION MEASUREMENTS 

by 

David Atlas 

Goddard Laboratory for Atmospheric Sciences 
NASA/Goddard Space Flight Center 


I. INTRODUCTION 

The implication of precipitation as one of 
tho key factors in the climate system has 
greatly heightened the interest in measuring 
it globally, ^nd thus from space. While 
visible and infrared techniques have been 
developed to obtain proxy measurements of 
rainfall, the concensus view is that such 
methods are not generally applicable to all 
precipitation types and climatic regimes 
(NASA, 1981 ). On the other hand, it is 
generally conceded that the presently known 
limitations of passive microwave radiometry 
can probably be overcome by the use of 
higher resolution over the oceans, but that 
the outlook for useful measurements over 
land is hopeless (NASA, 1981). This leaves 
spaceborne microwave radar as the only 
likely general solution to the problem. 

A variety of approaches to the radar measure- 
ment of precipitation from space have been 
proposed (NASA, 1975; Eckerman, 1975; 

Eckerman et al., 1978). Basically, these 
all depend on one of three concepts or 
combinations thereof: (1) measurements of 

rain reflectivity, Z, and estimating rain 
rate, R, from a general Z-R relation; 

( 2 ) measurement of the attenuation rate, k, 
within the rain itself and relating ft to 
rain through an appropriate k-R relation; 
and (3) measuring the path integrated 
attenuation through the rain by the loss in 
echo intensity from a surface reference 
echo, the expected ioss-free echo being 
estimated from similar adjacent terrain 
or ocean outside the raining area or, over 
land, using backscatter cross-sections 
measured previously. It is not our purpose 
here to discuss the relative merits of 
these various methods Rather we propose 
an auxiliary concept of adaptive pointing 
which would greatly aid any candidate 
radar method. 


2. THE PROBLEM 

One of the critical problems faced by any 
radar, and especially by a spaceborne 
system, is the conflict between speed of 
scan or swath width, resolution, and dwell 
time per rcsolutio.j element. We require 
the narrowest possible beams to assure 
filling of the instantaneous field of view 
(IFOV) for accurate measurement of both 
the peak and average rain rates and for 
the discrimination of precipitation echoes 
from surface clutter. The widest possible 
swath width is required fo assure total 
coverage of the globe. Together, small 
IFOV and large swath width from an orbiting 
satellite imply very large scan speeds, but 
rapid scan is inconsistent with obtaining 
a sufficient number of independent pulses 
per IFOV to assure adequate signal to 
noise ratio and a good estimate of echo 
power. 

Is there some way to resolve these conflict- 
ing requirements? For one thing, it is 
hardly necessary to spend costly radar 
energy and time scanning a wide swath 
when only a small f-'action of the area 
is likely to be occupied by prec i p i tat ion. 
Obviously, we need not loc'. at cloudless 
regions at all and Stiould spend as much 
time as required in precipitating areas. 

3 . CONCEPTUAL SOLUTION 

The prior discussion suggests an adaptively 
pointing space radar system such as that 
depicted conceptually in Fig. 1. 

At time Tj a passive IR Imager scans a swath 
ahead of the spacecraft; an appropriate 
algorithm indicates which clouds are 
probably producing prec i pi tat ion , These 
locations are then used by the on-board 
antenna controller to program the antenna 
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short, the adaptively pointing radar 
IS used effectively as an optimum 
movable rain gage network. 
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Fig. 1. Schematic of adaptively pointing 
spaceborne precipitation radar; 
sec text for deta i I s. 

scan so that the radar samples clouds A 
and B at times T 2 and Tj, respect i vel y . 

In Fig, I we visualize fixed phased array 
antennas on either side of the spacecraft 
with control of only the beam elevation 
angle and rely upon the spacecraft motion 
to perform the scanning parallel to the 
track. However, two dlm^risional clectronir 
scanning is desirable for some purposes. 

Of course, fixed antennas offer considerable 
advantages, particularly if they arc as 
large as we anticipate. 

In any case, we propose that the radar 
measurement scenario proceed roughly as 
follows: ( 1 ) scan suspect cloud region 

rapidly to better define actual storm 
boundary and probable peak than is possible 
with passive schemes; this requires less 
dwell time than do reflectivity measure- 
ments; (2) reposition beam lo measure peak 
reflectivity and an array of selected points 
around the peak accurately; the number of 
measurements required to obtain a suffi- 
ciently accurate srea integral needs to be 
determined, but is not likely to exceed iQ 
or 20 depend g;jon the storm complexity. 
With a gausslan model storm, 95% of the 
rainfall is included within the area 
encompassed by the echo power contour 
only 13 db do^^in from the peak; thus, one 
need not neasure outside of these bounds 
provided the true peak can be isolated; 

( 3 ) the larger the storm, the more uniform 
is the rainfall so that the sampling 
density for synoptic scale storms may be 
greatly reduced and relatively simple 
sampl ing patterns may be used. In 


In this mode we visualize the radar as 
a means of calibrating the prec i pi ta t ion 
intensity and refining the storm area 
estimates made by cither IR or, during 
the day, Dy combined visible and IR 
techniques. An assessment of such 
techniques for precipi tation measurements 
from space has recently been presented 
(NASA, 1981 ). It is generally believed 
that IR methods provide reasonable 
estimates of precipitating areas, although 
this author finds that they tend to over- 
estimate the rainfall areas of convective 
storms. This is probably advantageous 
since it provides an outer bound within 
which the radar search for precipitation 
may be confined. In the case of strati- 
form prec i p i ta t ion , much less is known 
about the relation of IR temperature 
thresholds to actual precipitation. 

It should be obvious that a radar carried 
aboard a low earth orbitor (LEO) can make 
only two measurements a day. Thus we 
shall have to rely on 2A hour per day 
IR cloud surveillance from geosynchronous 
satellites to provide proxy measurements 
with which we expect to account for 
diurnal variations of precipitation. 

Clearly, we have presented only the 
outlines of a concept. Much study 
needs to be done before the r&asibility 
of this approach can be properly assessed. 
Nevertheless, the methud warrants consid- 
eration since it appears to overcome one 
of 'the major obstacles which has impeded 
development of a spaceborne radar since 
it was first studied by L-nnis (19oj). 
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THE OUTLOOK rOK PRECIPITATION MEASUKEMEN’T) FROM SPACE 
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Lawranca, Kansas 

I. IMTROOUCTIOM 2.1 Visibla and IR Tachniquas 


Tha intarast in ntaasuring pracipi* 
tat ion globally, and thus frgia spaca, has baan 
incansifiad by racant intarnat Iona) ra^aarch 
accivitias aimad at ondarstanding and pradicting 
climata. Tha importanca of pracipi tation in 
>naincaining tha naan global tamparatura scructura 
and ganaral circulation niay ba saan from tha 
thraa principal lourcas of anargy flux to and 
from tha atmosphara ovar tha globa: (1) )R 

lossas to spaca at a rata of $.1 x 10^^ watts; .. 
(2) lacant haating by pracipi tat ion of 4.4 m 10 ° 
watts; and (3) banting by turbglant diffusion at 
about 0.7 X 10*^ watts (Nawall at al., 1974). 

As tha ka< haat sourca, anomallas in pracipi- 
tation, which ara undoubcadly triggarad by othar 
anomalous boundary conditions (a.g., saa surface 
tamparatura, soil moistura) ara strongly impli- 
catad in tha chain of avants rasponsibla for 
ci'fflata variabMitv And of course pracipi tation 
19 ona of tha kay paraaiatars which character iaas 
cl imata and must ba pradictad. Wa may cita an 
axtansiva list of othar raguiramants for obsar- 
vations of prac i pi tat ion, but tha above should 
Suffice for present purposes. Wa hasten to add 
Chat not all tha needs may ba mat by spacaberna 
observations. Hera wa concentrate on those 
required to serve in climate monitoring and 
research and global weather prediction. 

In spite of tha extrema ^portanca 
of pracipi tation, our knowledge of either tha 
synoptic or cl imatolog ical distribut ions of 
pracipi cation over more than 90) of tha globa 
Is abysmal. The question wa address in this 
paper is tha outlook for providing prac ipi Cation 
maasuremants of useful accuracy and or precision 
from space. 

2. TWe RRESENT SITUATION 

Our present capabilities and future 
directions ware recently reviewed In a worksnop 
on "Rracipi cation haasuramants from Space" 
(NASA/GSFC, 1 98 1), hereafter referred to as F.W. 

Ac this writing, the raport of tha workshop is 
not yet avaMabia; thus, the following staesmants 
must ba considered as pral iminary, although wa 
have attempted to reflect the concensus viaks 
fa» thful ly . 


Visibla and IR tachniquas of esti- 
mating rainfall work surprisingly wall aspaciaily 
for Urge areas and durations for convective 
rainfall In the subtropics. For monthly prac i pi - 
Cation, simpla counts of highly reflective clouds 
provide ramarkabiy good estimates. Evan for 6 
hour average rainfall, the fractional cloud 
cover at various IR thresholds and visibla bright 
ness appears to dallnaata tha area of rain wall, 
so that tha use of known climatological ram 
ratas provldas volumetric amounts. iRprb complex 
schemas involva both the area and its time 
derivative, again wi soma IR threshold. Tha 
P.W. working group found both advantages and 
disadvantages to tha methods noted above and 
others nor mintioned hare, but concluded Chat 
no single visible snd/or IR approach can perform 
adequately for climatic purposes in all regions. 

Lovajoy and Austin (1979) argue 
parswasivaly chat the skill 'of both visibla and 
IR methods lies almost entirely in their ability 
CO raprasanc the rainfall area. Based on radar 
data, they find a correlation coafflciant of 
about 0.9 between hourly rain areas and rain 
amounts in both Montreal and tha GATE expert * 
mane, while area-rain rata corraiations ara 
negligible (saa also Lovajoy, i98l) (Wa must 
ba careful in distinguishing between a good 
"corralac ion*' of >'adar rain areas and rain 
amounts and the aaility of Cha satallita imagery 
to faithfully depict tha rain areas.) Th's is 
raasonab<a because chare is no qiract physical 
link batwaan either tha visible or IR arighcnass 
and rainfall. (The axcaptions art lim# dartva- 
tivas of tha laccar, which raflacc updraft 
valocitias, or its minimum vaiua, which is a 
maasura of its maxi.mum haighc.) 

Tha above findings already suggest 
Chat ViS/IR rachriquas ba axploiCad for chair 
ralacivaly good rain area dtpiecl^n capaoMicias 
but chat wa use other methods such ss microwave 
ridiomacry or radar cn ascimaea cha ram rates. 
Such a combination <s also indicated it either 
of tha latter instruments ara to ba flown on 
ow orbicors. allowing only twice par dev 
samples of ram rata, in that avant, eorraettons 
for diurnal variability would have to be made 
through cha •**a of the 24 nr sequence of cloud 
imagery from GOES. 
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.2 .iicro»<4V «4diowtry 

Ihm P.W. v^rking group on (n*croiN4v« 
radioMotry ronclud«d ch«t; (I) passive measure* 
ments in the IO*kO GH2 region represent a viable 
technique for measuring rain over the ocean, but 
(2) rain over land represents a much more diffi* 
cult problatn due to the highly var'abte back- 
ground. The group also highlighted the 'oil owing 
problems: (I) A negative bias (i.e., rainfall 

underest imate) and large variance due to the non- 
unifor:r distribution of rainfall or incomplete 
filling of the relate I y large instantaneous 
fieids of view (i.e., IfOV of 20 a kk km at 
nadir on the Nimbus 6 Electrically Scanning 
Nicrowave Kadiometer); (2) variability of the 
effective rain layer height, defined as the path 
integrated attenuation divided by the surface 
attenuation coefficient. Ihis variability 
decreases with increasing area and is believed 
CO be related cl iiratolog ical ly to the freezing 
level, so it appears to reaiain a potentially 
serious problem only in intense convective 
storms; (3) significant and variable amounts of 
cloud liquid water content which introduce errors 
in retrieved rain rates and places a lower bound 
on the rate wnich can be detected. A significant 
factor omitted from the above is the presence of 
a mixture of hvdrometeors of large drops, graupel , 
and hail in the more intense convective storms 
which will surely confound the relatively simple 
retrieval algorithms. Of course, unless it can 
be assumed thet the rain begins at Che freezing 
level, one gets only a measure of the effective 
integral with height and not of the rain intensity 
i tsal f . 

Of the above problems, it now 
appears that the unfilled IFOV dominetes the 
errors in the ESNA data, however, a si<r4jIation 
by Lovejoy (l?6l) using an 8 x 8 km IFOV such 
as that ancicipacad for the LAfiMR (Large Aper- 
ture hultichannei hicro««eve Spectrometer) has 
shown chat the bias becomes neglible and random 
errors would be greatly reductsd; i.e., ♦ 20t 
AhS for 12 hr accumulations; these woul7 be re- 
duced further ^or extended period cl imetolog ical 
averages. We therefore conclude Chet microwevn 
radiometry hak an important role to pley >n space 
precipi Cation eeasuremencs over the oceans. 

Indeed, its failure over land is "he key reason 
to .onsider spaceborne radar. 

3. SPACEiOANE AAOAA 

The essential questions are: (1) 

can spaceborne radar provide sufficient^ 
accurate observations of rain over both land 
and ocean? (2) can it replace or supplement 
the VIS/ 1 A methods which are acknowledged to 
estimece rain area better then rate? and <3) 
how can we optimize a hybrid syseam wnich 
exploits the best features of the various 
methods? There is little doubt Chet radar could 
provide precision global d t scr i but ions of ram 
rate giv«n no constraints on the number of 
spececreft, antenna size, and power. 8ut whet 
is aeht - 'bie within realistic technological 
and monetary bounds? In what foMows we out* 
tine several promising approaches. We note 
that some of these were previously proposed 
in the report of the Active nicrowave Workshop 
(NASA, 1875) • Sue let us first hignlignt some 


of the key obstacles which nave hampered progress 
to date. Thes^ are briefly reviewed below. 

3 . 1 Key Qbscacl rj 

One of the major problems encountered 
in previous proposed designs is the antenna size 
required to achieve beam filling and reduca the 
effects of surface clutter both in the main and 
side lobes. Both problems can be largely over- 
come by a sufficiently large antenna. To keep 
the antenna dimensions within bounds, we have 
frequently resorted to shorter wavelengths than 
we prefer to use in ground-based systems. This 
then results in targe rainfall attenuation and 
potant tally excessive arrors in actampting to 
correct for the losses (Hitschfeld and Sordan, 
195 k). Proposed solutions have been cither (1) 
to use tvo wavelengths, one attenuating and the 
other not, or two attenuating wavelengths as a 
means of controlling the errors. On the other 
hend, one cen exploit the attenuation as a measure 
of path integrated rainfall (Atlas and Ulbrich, 
1977; Eckerman at al., 1978). A hybrid systma 
with microwave radiometry also appears valuable 
as a means of estimating total attenuation over 
the oceans. 

A problem which is interwoven with 
antenna end beam size and which is intrinsic to 
all radar methods is the signal averaging time 
needed to obtain a reliable astimete of the 
echo power. This implies either a high pulse 
repetition frequency (PAF) or a very slow scan. 

The letter in turn reduces the actainebte swath 
width. The trade-off between high resolution, 
scan time, and swath width is a ralat^d concern. 
Pulse to pulse frequency agility (hershall and 
Hitschfeld, 1953 ) or a wide band "noise" pulse 
(Krehbiel and Brook, 1979) have been suggested 
solut ‘ons . 

With alt these problers in mind, 
Eckerman (I97S) end Nechanson at al., (1975) 
proposed a very sophisticated radar with a 
multiplicity of recaiviMg beams, thus achieving 
high resolution (I km IFOV), low clutter, ade- 
quate signal dwell time, and a wide swath all 
simultaneously. The key problems with the 
latter were high cost and power consumption; 
these factors are constraints on any space 
system. In whet follows we have therefore 
backed off from such a sophisticated system 
and consider a variety of lass compitx options. 
Another related considerat ion is to design the 
system as an add-on to a planned radar, thus 
accomplishing two purposes at tittle added cost. 

3 • 2 Aadar Options 

3.2.1 Edified Altimeter 

The simplest and least costly 
approach is to incorporate a rain measuramanc 
mode in the I 3 .S CHZ (2.2 cm) 5EASAT type radar 
altimeter ^Goldhirsh and Welsh, 198 I). The 
retrieval algorithms for recovering rain rate 
and an affective drop size distribution are 
discussed in the latter rafarence. in one form, 
one assancially measures echo power near the 
too of the rain where attenuation is nagligib'a 
and assumes constant ram rata down to tne 
surface. Thu »s shown Sy cm • 0 curve m 
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I. A$$ufliin 9 constant r«in rat* with h«ighC, 
ch« dtcrcjsk of signal Itvt) ^Hh dtpth Is also 
4 iiMSurt of rain raca. Undar cha saaia assump- 
tion, the auCho"S show thac cha ratio of attanu- 
ac (on coafficianc, k, to raf I act (v i tv . n, provides 
a gntqua maasura of the slope or median volume 
diamacar of cha FtarshaM -Palmar drop size discri* 
*^ucion; whan this >s used with cha absolute 
value of aicnar k or n » one also gats the inter- 
cept of cha distribution. Of course, the 
ass;Mptlon of constant rain rata with Haight 
facilitates the retrieval, but it is also a key 
waaxpoint of cha method. The authors also treat 
corrections for non-uniform beam filling. PU«S 
rain rata arrors over tha rang# 10 to 100 tm/hr 
are about ^ $ and ♦ 2 tm/hr for an avaraga of 
kS and ZZO'pulsas, respect ivaly . Calibration 
uncartaint ias of ^ I dl also result in bias 
arrors of 13 to 20t between 10 and 100 ma/hr. 



r. EcAo pP¥MA. xttUAMd to tkt eiLUmtttx 
jAom voAioiU dLutoj/ia^ baiota tht top 
oj {Ac xa/ji vCAdua xala ^aXt 
Gotdki/uk and (HtctsA, 

The SEASAT type altimatar would ba 
modified by allocating S% of the aittmatar pulses 
CO Cha rain mode: i.a., SO puls>ts each of 3.2 
usee or $00 m vertical rasolution. (Nota: cha 

normal pulsas art '^chirped** with 3.125 nsac or 
0.ii7 a range resolution). Us.* of Cha SCASAT 
fadar parameters also rasuits in a minimoe 
dataetabla rain rata of about I <ma/hr from SOO 
km orbit. This is a marginal valua for many 
purposes; a threshold rate of ^ O.t tm/hr 
would be more useful. 


3.2.2 Short-Wavelength Scanning 

This systems differs only slighcly 
from the nadir radar alcimater In that it would 
scan cross-crack to provide a wide swath measure- 
ment. A short wavelength (say 0.85 cm) would be 
used to attain the narrowast possibla boems with 
a reasonable size antenna. A diamatar to wave- 
langth (0/A) -atio of kOC, or an antenna of 3.4 m 
v«uld provide 2 km resolution from an 800 km 
orbit. Of coursa, we essumm large enough power 
end fPf to gee reliable measurenients down 
;ust below cne melting level. Sinews attenuation 
is likaly to rtduce tha signal baiow noise In 
moderate to heavy rain, one must assume corscancy 
of rain rata with height below the O^C level as 
in Che first method. 8a In rata would be re- 
covered from t.»r rtf lectivi tyrain rate relation 
adjusted to 0.05 cm and also from the attenuation 
rate. Over the ocean, retriavals would be 
greetly aided by a microwave radiometer. This 
ki^ld be especially usaful in convective storms 
where either radiometer or rader alone is likely 
to be confounded by a variety of hydrometeors 
above the 0®C level. 


It should be noted that an approach 
which combines dual wavelength radar and dual 
wavalength radiO'^atry in ehu 3 cm end 0.84 oe 
bands, is being pursued in Japan (Inomata at 
el., I 9 II). The method has baen implemented In 
an siicraft with promising preliminary results. 


3.2.3 


Surface Target 

TTTOr — 


Attenuetion 8adar 


This method, previously called 
"Che Surface reference technique," jses the 
scattering propertiea of the surface a^: a cali- 
bration po:it for meceurolog ical attanuation 
measurOTonts. Tha method depends upon both the 
fact that tha peth-everaged rainfall rate can be 
determined by means of a direct measurement of 
the attenaation (Atlas and Ulbrlc.^. 1977) ar I 
the assumption that cha fixad calibration €> 'get 
in the ground-based attenuation method can 1 
replaced by the backscatter ing coefficienr of 
the surface (Ukermen et al., 1978 ; heneghmi 
at at., 1981 ). Two variations of STA8 can be 
distinguished: the surface compari.un and the 

frequency egility methods, loth systmes can 
utiliza either fieed or scanning, real or 
Ooppler azimuth sharpened beams. Thasa systmes 
operate at (ncidanca anglas of the order of 40<> 
in order to achieve a sufficiently wide swath. 


Of course, the most serious 
limitation of tha eltimeter is its restriction 
to nadir maasurernants . Thui, It would hava to 
ba used in conjunction with a wida-swach (8 or 
microwava radiemetar. tn either case, the 
radiometers would provide estimates of t^e 
rain areas while the radar would provtda nadir 
rain rata caMbrarion along the satellite 
tracm. Tha joi.tc usa of tha altimater with 
the microwave radiometer is preferable over the 
octens oecauSQ the radar providas an independant 
estimate of the total afstanuation. of course,* 
e high resolution microwave radiometer also 
provides rain *ata estiinates off nadir so that 
in such a conf igurat <on me rader should be 
considered as Supporting the radiemetar rather 
than vica versi. 


3 . 2 . 3 ■ 1 Surface Comparison Wethod 

(r explain the method we first 
note that in r.ha presanca of rain tha back- 
scattered power from e range bin which Inter- 
cepts the s*^rface is proportional to the 
product of tho backscattarng coefficiant of tha 
surface ^ 7 , (t.u., the scattering cross-sect ion 
per unit area) and tha attenuation actor, A, 
the two way fractional toss through the ram. 
if a sacond rtcurn power measurement is made 
either in the re in- free area adja'.eni to the 
storm cell or by e prior measurement at the 
actual target in the absence of rain, th# power 
Will be oroportionai to some naw scat tar ing 
coaffician:, j 9 say -«hert tha diffarence 
betwatn Zf and'jiJ* ^ dapend on the tempc>'ei 
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or $p 4 tial I'nhofflog^nei t ies of the surface. A 
raC<o of Che two measuremencs approximately equals 
AOT/(jJ. The SkyUb S-193 (Moore, 197k) and the 
University of Kansas (Ulaby, 1980) data have 
shown, however, chat for a 10 km I FOV at K-band 
and incidence angles greater than 30^, the ratio 
o9/a^ exhib Its fairly small spatial fluctuations. 
hus, the ratio of return power measurements 
provides nn estimate A from which the path- 
a 'eraged rain race is found by means of a k-R 
a.'^u • m.^wsuremcr.t of the path length through 
rain. TIk' principal problems with this 
' .<hod *ra; (I) sensitivity ofa^ to soil 
loistur^ ano (2) lack of knowledge of the foot- 
print size needed to achieve stability in <7^. 

The technique can be generalized to 
obtain the profiled rain rate. This is accom- 
plished by starting with the equation for rain 
rate from an attenuating radar (Hitschfeld and 
Bordan, 195^) and using tha attenuation, as 
determined above, to bound the total error of 
the estimate. An analysis of the method has 
brought out some of its major advantages and 
drawbacks. Moreovar, for narrow beamwtdths, 
the accuracy of the profiled rain rate is 
comparable to that of the path-averaged rain 
rate. For example, with a radar located on a 
low earth orbitor pointing at a 30° incidence 
angle with respect to nadir and with A *0.36 cm, 

■ I kw, a storm height of S km and a standard 
deviation (s) in^^O^ (be rain rale can 

be estimated within about 20t of the true value 
for rain rates from 2 to 12 mm/hr. For Sq « 2db 
the range extends from about 4 to 12 mm/hr. At 
longer wavelengths the range Is shifted upward; 
e.g., if A* 1.87 cm and $ • I db then - 8 

mm/hr and R ■ 55 mm/hr. 

max 

To explicitly show the system 
performance, Che mean return powers from Che 
rain (R) and Che surface (C) are plotted in 
Fig. 2 as a function of distance into Che storm. 
Here, 0 km corresponds to the storm cop and the 
region between 6 km and 9*5 km to the inter- 
section of the range bin of Che main beam with 
tha surface. The gradual build up of the rain 
return (0 to 2 km) and Che rapid decrease (7 to 
9.5 km) represent regions where the range bins 
are only partially filled with rain. The 
decrease in the rain return power between 2.5 
and 7 km is proportional to the total attenu- 
ation. Where the rms fluctuation of is 

comparable to this total attenuation, then the 
method will be unreliable; this is the major 
source of error at low rain races. At high 
rain rates, the return power at Che surface will 
be smaller than the noise, so chat attenuation 
c nnot be estimated reliably. Accordingly, a 
sing I a wavelength STAR would yield a limited 
dynamic range. Thus STAR requires two wave- 
lengths to cover a wide enough range. Also, at 
very low rain rates where attenuation cannot be 
measured accurately,' one must rely upon use of 
Che ordinary ref lect iv i cy-rai n rate relations. 

It is worth noting that the STAR 
method has been analyzed primarily for rain over 
land. Over ocean it is expected to be less 
accurate because of the dependence of on wind 
speed for angles other than 10°. For measure- 
ments over ocean, a radar-radiometer sensor 
appears promising. In this mode the total 
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attenuation would be obtained from the radiometry 
while Che radar would provide a measure of the 
storm height and the renge profiled reflectivi- 
ties. From these data the path-averaged and 
profiled rein rates could be obtained readily. 

In principle, a radar scatteromecer which 
measures to estimate near surface windspeed 
over the ocean could also be used to obtain 
0 ^ for use with STAR. Indeed one can use STAR 
itself as a scatCerometer, but this approach has 
not been studied. 

3. 2. 3*2 Frequency Agility Rain Radar (FARR) 

This variant of the surface reference 
technique exploits the week frequency dependence 
of ground radar reflectivity (0.25 dB/GHz at 
horizontal polar ization) . Two approaches should 
be considered, pulsed and CW. 

With the pulsed FARR the radar 
ranges on the ground range bin. As with the 
ground comparison method, the received power from 
the surface range bin in the presence of rain is 
proportional to the product of the reflectivity, 

Che attenuation and the radar constant. When 
volume scattering from Che rain is negligible 
compared with surface scattering, the method is 
simplified. The ratio of received power from 
two simultaneous observations with slightly 
separated frequencies is proportional only to 
the product of the ratio of Che radar constants 
and the attenuation factors at the two frequencies. 
The calibration constant ratio can be considered 
as known since it can be measured often during 
non-raining intervals. Thus, Che measured power 
ratio is proportional only to the logarithm of 
Che differencial attenuation, which is propor- 
tional CO the rain race. The advantages of 
this approach are the simple algorithm, inde- 
pendence from viri ability of the drop size 
d i s tr ibuc ion, and Che fact that the required 
storm height is also obtained by the measurement. 
The disadvantage (compared with CW) is the high 
peak power. With the CW FARR approach, the 
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radar signal contains contr ibuc ions from both 
tha attenuated ground return and Che attenuated 
voljflie scatter of the rain within the beam. The 
markedly different frequency dependence of Che 
ground ref lect iv i cy , prec • pi tat ion attenuation 
and precipitation scatter offers the potential 
for separation of these factors. Rain rate can 
be determined from either the attenuation or 
volume reflectivity coefficients. Three measure- 
ments are required since there are three unknowns. 
The advantage of the CU approach is Che lower 
peak power than with the pulse radar. However, 

Che rain retrieval algorithm is complex, and the 
drop size dependence of the volume reflectivity 
may introduce significant uncertainty into the 
measurement. Further study is required to 
determine the feasibility of these concepts end 
to assess their relative merit. 

The main advantaga of the frequency 
agility method over the comparison method is its 
appl icabi 1 i ty to ocean and land scenes. It Is 
feasible to use both methods over land to cross- 
check the validity of the assumptions and models* 

3,2.1* Adaptive Pointing Beam 

Many microwave antenna conf igurat ions 
can be used to image precipitation in storms, 
each having advantages and disadvantages depending 
on the required range of rein rate, resolution, 
sweth width and accuracy. The systems proposed 
include: mechanical, conically scanned, single 

beam (Skolnik, and a pushbroom, fixed 

simultaneous multibeam phased array (Nathanson, 
et al., I97S). Contiguous covarage is obtained 
from these systems; however, it is necessary for 
the transmitter to be functioning continuously. 
Since precipi tat ion normally covers limited 
areas, scanning time is being wasted while 
average power and data ratas are higher than 
needed, and dwell time is too small to attain 
accurate samples. A solution to this problem 
is an Adaptive Pointing Beam which functions 
only over precipitating clouds (Atlas, 1901). 

The key to such an adaptive 
approach is either an infrared or microwave 
radiometer which scans the horizon ahead of the 
spacecraft and identifies chose cloud systmns 
which are probably precipitating. It Js only 
necessary for the 1ook*ahead radiometer to 
sense the presence of rain and control the 
subsequent beam position to sample the rain areas 
in some optimal fashion. 

The radar receiver and transmitter 
antennas art preferably phased arrays which 
eieccricany scan cross- track through nadir. 

There is a compleca system for each side of Che 
crack. Several strategies are feasible including: 
a single pencil transmit and receive beam; 
multiple fixed receive beams; or multiple stepped 
p<^ncil receive beams and scanned broad transmit 
beams. Scanning rates and beam multiplicity 
must be selected during tradeoff studies. 

However, the possibilities extend from a detailed 
high resolution snapshot of the storm to charac- 
terization of features such as boundaries and 
peaks. 

The adaptively pointing concept is 
applicable to any of the measurement algorithms 


since it solves problems common to a 1 1 . Of 
course, the major concern with this approach is 
chat of adequate sampling. Can we find a passive 
detection scheme which adequately identifies all 
significant precipitation regions, and can we 
then devise a set of radar sampling scenarios 
which Insures sufficiently accurate estimates 
of Che total preci pi tation? 

initial thinking about the antenna 
suggested that we use a real aperture in the 
vertical direction and synthetic (SAR) in the 
along track direction. In order to attain a 
sufficiently narrow vertical beamwidth, a diameter/ 
wavelength (0/X) ratio of about 300 is desirable, 
giving a nadir beamwidth from 600 km orbit of 2km 
with a 6 meter high antenna at A • 2 cm. W1 th a 
real aparture, the antenna would thus be a 6 x 6 m 
array with face oriented normal to the track. For 
certain scan-track patterns, the horizontal 
dimension of the array can be reduced and the 
resolution Improved by the use of Doppler beam- 
sharpening techniques. For Doppler beam-sharpening 
to be effective, the bandwidth used to achieve 
resolution should be about S times the bandwidth 
due to random motions of the hydrometeors ; this 
places a limitation on the minimum pixel dimension 
that is much more stringent than that due to the 
radar motion itself. However, in directions 
within, say, 60® of the side, resolutions of 2 to 
3 km due to Doppler beam-sharpening can be 
achieved, depending on spacecraft height, provided 
a spectral width for the random motions of 2 m 
sec"* is assumed reasonable. Mean velocities of 
the hydromettors will provide mean Doppler shifts 
that win appear as horizontal displacements of 
their apparent position. Use of this technique, 
however, would allow scanning a wide area of the 
ground with a fixed conical antenna beam from an 
antenna, say, 25 cm (horizontal) by 6 m (vertical). 

k. DISCUSSION 

It is clear that the solution to the 
measurement of precipitation with a spaceborne 
radar is not yet certain. However, the new 
concepts presented here provide considerable 
promise and deserve to be x^^died more carefully 
both theoretically and in i- raft trials. 

We have not discussed the use of 
long wavelength (A ^ 5 cm) scanning systems which 
are essentially free of attenuation becausa they 
would require excessively large antennas to 
achieve narrow beam widths and IFOV's (i.e., 2-3 
km at nadir). On the other hand, larger beam 
widths introduce virtually insuperable problems 
with surface clutter and unfilled IF0V‘s. Even 
with narrow beams, however, the retrieval 
algorithm rests on the existence of a well 
defined 2-R relation; aside from the large 
scatter about such relations, we know that they 
vary markadly with precipitation type and thus 
with c! imat ic rLv; lon. 

Neither have we dealt wiLh dual 
wavelength methods such as proposed by Eccles 
and Atlas 0973) or Goldhirsh and Katz (197k) 
because: ( 1 ) the non-at tenuat i ng wavelengths 

are subject to the same criticisms discussed 
above, and (2) at the attenuating wavelengths, 
it is difficult to achieve the kind of accuracies 
required in short range intervals, especially at 
Che lower rainfall races which contribute most 
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CO the globe! rainfall. Furthermore, we have 
excluded I km IFOV sophisticated multibeam systems 
(Eckerman. 1973; NASA, 1975) largely on the basis 
of anticipated costs. 

Despite the sampling deficiencies 
of the modified SEASAT-type altimeter and some 
concern about the basic algorithm, its simplicity 
and economy speak highly for It. Moreover, the 
probability of an ocean radar altimeter mission 
in the next 5 years seems high. 

The hybrid approach which combines 
the surface reference technique (STAR), the 
frequency agility system (FARR), the short wave* 
length reflectivity schemes, and Che adaptive 
pointing approach, all suppiemonced by microwave 
radiometry over the oceans appear attractive for 
an Initial system. Of course, forward looking 
IR imagery Is implicit In adaptive pointing. 
Adaptive pointing of the STAR would enhance its 
accuracy considerably through signal averaging. 
Over the oceans, microwave radiometry would 
provide an independent estimate of total 
attenuation, also improving accuracy. Where 
excessive rain rates cause loss of surface 
targets Che STAR automatically becomes the 
short wavelength system in which rainfall Is 
estimated through both reflectivity and the 
attenuation race just below the bright band 
assuming uniformity from there down. Finally, 
the short wavelengths and sensitivities involved 
in all of the above provide for detecting and 
estimating rates of snowfall, also an important 
climatological requirement which has not been 
adequately addressed before. 

We again note that sampling cons Id* 
erations are critical with any orbiting precipi* 
cation system. If the orb i tor is sun synchronous, 
the diurnal variability will have to be accounted 
for through proxy measurements of clouds from a 
synchronous satellite. However, for climatologi- 
cal purposes we can choose an inclined orbit such 
that the local observing time varies over the 
month to provide a reasonably accurate monthly 
mean. Much more needs to be done on sampling 
and orbital cons iderac ions . 

5. CONCLUSIONS 

This paper does not pretend to 
define Che ultimate solution to Che problem 
of precipitation measurements from space. 

However, we have identified several new 
promising avenues of attack which go a long 
way toward overcoming the most serious 
obstacles which have impeded progress in the 
past. The role of precipi cation in climate, 
and its accurate specification for use in 
regional and global weather prediction impel us 
to move forward with a serious effort to furthei 
assess and davelop some of Che more hopeful 
approaches described here and elsewhere (NASA, 
I97S). 
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